Liquid Crystals with Lanthanides: a Thermal and Optical Investigation by Van Deun, Rik
Liquid Crystals with 
Lanthanides
A Thermal and Optical Investigation
Liquid Crystals with 
Lanthanides
A Thermal and Optical Investigation l  i l I i i
Rik VAN DEUN
KATHOLIEKE UNIVERSITEIT LEUVEN
Faculteit der Wetenschappen
Departement Scheikunde
Afdeling Coördinatiechemie
Liquid Crystals
with Lanthanides
A Thermal and Optical Investigation
Proefschrift, ingediend voor het behalen van de graad van
Doctor in de Wetenschappen
23 mei 2001
Promotoren
Prof. Dr. C. Görller-Walrand
Dr. K. Binnemans Rik VAN DEUN



Leden van de examencommissie:
Prof. Dr. C. Görller-Walrand, promotor
Dr. K. Binnemans, copromotor
Prof. Dr. W. Dehaen
Prof. Dr. Yu. G. Galyametdinov (extern jurylid, Kazan, Rusland)
Prof. Dr. K. Heremans
Prof. Dr. H. Reynaers
Prof. Dr. L. Van Meervelt

Zij die hier een standaard ‘even-wat-siroop-smeren-want-
dat-doet-toch-iedereen’ dankwoord hadden verwacht
kunnen dit deel maar beter overslaan.
Een doctoraat maken is iets raars. Enerzijds vergt het
bepaalde offers om op het punt te komen dat je ‘goed
genoeg wordt bevonden’ om eraan te mogen beginnen. Van
zodra je echter een bepaalde ‘status’ hebt verworven en je
wel hebt bewezen dat je tot een en ander in staat bent, is
doctoreren in feite schandalig veel geld verdienen om je
eigen zin te doen. Het is het vinden van een delicaat
evenwicht tussen genieten van (op een constructieve en
productieve manier) en profiteren van (op een iets minder
constructieve en productieve manier) de vrijheid die je
wordt geboden. Soms is het dan ook nodig om wat afstand
te nemen, temeer omdat er een punt komt waarop wat jij
doet met geen geweld ter wereld aan Jan-met-de-
spreekwoordelijke-pet is uit te leggen terwijl het voor jou
de normaalste zaak van de wereld is, op het saaie af. Het is
evenzeer het vinden van een delicaat evenwicht tussen
samenwerken met en tegenwerken van de mensen in je
omgeving. Ook daar is het nodig af en toe wat afstand te
nemen om te beseffen dat je aan bepaalde mensen heel wat
hebt te danken en je hen dus beter niet teveel provoceert
door middel van star en rechtlijnig (sommige mensen
noemen dit consequent) gedrag. Al deze evenwichten
proberen te vinden moet dan ook nog lukken binnen een
tijdspanne van een viertal jaren. Daarom is doctoreren
voor mij in de eerste plaats een zoektocht naar identiteit
geweest en pas op de tweede plaats het verrichten van
wetenschappelijk onderzoek. Let wel: dit onderzoek was (en
is nog steeds) voor mij één van de meest boeiende en
uitdagende dingen die een wetenschapper kan doen. Het
onderscheidt hem van de in-leasebak-filerijdende-9-tot-5-
ik-werk-mij-te-pletter-dus-ik-mag-op-het-linkervak-massa.
Maar deze onderzoeker moet zichzelf af en toe eens de
vraag stellen of zijn freak-gehalte niet te hoog wordt en ook
daar gaat het om het vinden van een delicaat evenwicht. Ik
kan niet beweren dat ik alle hierboven vermelde
evenwichten heb gevonden en daarom is het mooi geweest.
Er zijn ongetwijfeld slechte, maar ook zeer zeker veel goede
herinneringen aan de voorbije 3 jaar en 8 maanden die dit
doctoraat hebben ingenomen. Vooral de buitenlandse
expedities zullen in het geheugen gegrift blijven en dan in
het bijzonder die ene maand juni in Exeter. Maar ook de
vele congressen waren onvergetelijk. Het congres in
Rotenburg an der Fulda vormt wat dit betreft zeker het
hoogtepunt, om meer dan één reden.
Het schrijven van deze thesis moest (ietwat onverwacht
maar deadlines kunnen soms angstwekkend heen-en-weer
schuiven) in een ‘relatief korte tijdspanne’ gebeuren. Dat
heeft mij eens te meer getoond dat ik onder extreme druk
pas echt functioneer: als het allemaal te gemakkelijk wordt
haak ik af. Dat alles heeft het schrijven van deze thesis
gemaakt tot één grote kick, overgoten met Leffe tripel (of
rode wijn, ‘t is maar wat ge in huis hebt) en boenkmuziek.
Op dit punt is het dan ook dat een deftig mens zijn eerbied
betuigt aan de medemensen die hem hebben bijgestaan bij
het verwezenlijken van wat U, lezer, nu vasthoudt.
Op een gedeelde eerste plaats moet ik dan ook mijn diepste
respect betuigen voor professor Walrand. Als ik in haar
plaats zou geweest zijn, had ik mij wellicht al zeer vroeg
buiten gesmeten. Ik hoop dat het feit dat ze dat toch niet
heeft gedaan haar gezondheid niet te veel heeft ondermijnd.
Op dezelfde (want gedeelde) plaats komt Koen. Na een voor
beide zeer beproevende inloopperiode hebben we toch een
evenwicht bereikt, wat volgens mij ons beider grootste
verdienste is van de voorbije vier jaar.
This thesis would not be complete without some special
words of gratitude for some great people I met abroad.
First, ofcourse, Yury and Duncan, who know how to be
great scientists without becoming freaks, one of the most
valuable properties of a true researcher. I honestly enjoyed
every moment of discussion with both of you! My stay in
Exeter during the month of June 1998 was not only
scientifically interesting. I met some fantastic young
people there, some of whom I had already seen at the liquid
crystal workshop in Hull, the year before. I would
especially like to mention Simon and Françoise. You both
know how to enjoy life, even when chemistry isn’t working
(but is it ever?). Keep up the good stuff! I really hope to see
both of you again, sometime, somewhere, somehow…
Then, there’s some official thanking to do: since we can’t
do our own X-ray powder diffraction measurements, I have
to thank Dr. Dirk Hinz and Prof. Gerd Meyer from the
University of Köln (Germany) for their help. Similarly,
Dr. Claudia Wickleder’s help (from the same university) is
greatly acknowledged regarding the luminescence lifetime
measurements.
Voor de kristalstructuren die in deze thesis werden
opgehelderd verdienen enkele mensen een speciale
vermelding: professor Van Meervelt en Koen
Uytterhoeven. Dr. Ingrid Luyten heeft met haar NMR-
decoupling experimenten een bijdrage geleverd in de
opheldering van de structuur van de nitraat- en DOS-
complexen, waarvoor dank. CHN, IR en TG werden
gedaan door Petra, Leen en Liesbet. Allez vooruit, ge zijt
bedankt. Ook de andere mensen van het labo hebben mij tot
allerlei inzichten gebracht, die ik om het proper te houden
hier niet zal weergeven. Toch moet ik Katleen er ook even
bijsleuren omdat zij mijn thesisstudente is geweest en dus
een bijdrage heeft geleverd tot wat hier verderop staat
gedrukt.
Een laatste en welgemeend vuil gebaar wil ik maken naar
Stoffel, die mede verantwoordelijk is voor mijn slecht
karakter, mijn alcoholprobleem en het feit dat ik geweldig
boven mijn stand leef, en natuurlijk naar de heer Jerky, die
op zijn beurt verantwoordelijk is voor het feit dat ik een
kritischer mens ben geworden (dank u, Youp), dat ik een
bondgenoot heb als het op gore Britse humor aankomt, en
dat ik al enkele keren gestorven ben op die geweldige
boenkmuziek die hij door de baffels perst, terwijl de rest
van het klootjesvolk het met een bakkes van hier tot Tokyo
aan het afbollen is.
Er zijn echter maar twee mensen die onvoorwaardelijk
doen waarvoor anderen vanalles in ruil zouden vragen:
mijn ouders. Ook broer en zus verdienen een eervolle
vermelding.
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Abbreviations
C concentration
CHN elemental analysis (determines the amount of carbon,
hydrogen and nitrogen in organic molecules)
Cr crystalline phase
d layer spacing in smectic mesophases
D dipole strength
DCC 1,3-dicyclohexylcarbodiimide
Dh hexagonal columnar mesophase
DMAP 4-dimethylaminopyridine
DOS dodecyl sulphate
DSC differential scanning calorimetry
DTA differential thermal analysis
I isotropic phase
IR infrared spectroscopy
n refractive index
n director
N nematic mesophase (calamitic molecules)
ND discotic nematic mesophase (discotic molecules)
NMR nuclear magnetic resonance
PEG polyethyleneglycol
POM polarizing optical microscopy
ppm parts per million
Abbreviations
r ionic radius
SmA smectic A mesophase
SmB smectic B mesophase
SmC smectic C mesophase
SmI smectic I mesophase
SmF smectic F mesophase
TG thermogravimetric analysis
XRD X-ray diffraction
YAG yttrium aluminium garnet
Ωλ Judd-Ofelt intensity parameter
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What is all this about ?
When an organic molecule, such as benzoic acid, which is not a liquid
crystal, is considered at room temperature, it appears to be a white solid,
like many organic substances do. The compound is present in its solid,
crystalline state, which means all molecules are arranged in an ordered
way, as depicted in figure 1.1. In this figure, the molecules are simplified as
featureless rods. The molecules are ordered in a so-called crystal lattice.
When the solid is heated, the thermal motion of the molecules in the lattice
will increase, but the lattice itself will stay as it is, until enough heat is
applied to the sample to allow the molecules to leave the crystal lattice.
When that happens, the compound melts. The three-dimensional order that
was present in the lattice is completely destroyed as the molecules flow
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randomly. A fully isotropic liquid is formed, as is also illustrated in figure
1.1. This liquid is fully transparent.
Figure 1.1 Schematic melting behaviour of a non-liquid crystal
When the aromatic proton in the 4-position of the aromatic ring is
substituted for an alkoxy chain, the melting behaviour of the compound
obtained changes drastically. When again e.g. 4-nonyloxybenzoic acid is
considered at room temperature, it has the same appearance as its
unsubstituted analogue, benzoic acid: it is a white, crystalline solid. Upon
heating, the solid phase disappears at the melting point: so far, nothing
special to report. However, the phase that appears at the melting point is
not the same isotropic phase as is obtained when melting benzoic acid.
After melting, 4-nonyloxybenzoic acid turns into a turbid liquid, which in
turn becomes clear and transparent upon further heating. It seems that this
compound passes through a new type of phase when heating from the
solid state towards the isotropic liquid state. Investigated in more detail,
this new type of phase appears to have some order in it, albeit much less
than the solid crystalline state. The phase is called a liquid-crystalline phase
O
HOO
OH
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or a mesophase (mesos = between), because it has features from the
crystalline state (some ordering and anisotropic physical properties), as
well as from the isotropic liquid (fluidity, although the mesophases can be
very viscous). This specific compound, 4-nonyloxybenzoic acid, is one of
the liquid crystals that exhibit polymorphism in the mesophase: it has two
different liquid-crystalline phases. The thermal behaviour of 4-
nonyloxybenzoic acid is depicted in figure 1.2. Molecules are represented
as featureless rods. Upon heating the crystalline solid phase, it melts into
the first liquid crystal phase at 93 °C. At 111 °C, this first mesophase is
converted into a second and slightly less ordered mesophase, which in turn
fully looses its ordering at 141 °C. This is called the clearing point: the turbid
liquid becomes clear and all order disappears.
Figure 1.2 Schematic melting behaviour of a liquid crystal
showing two different liquid-crystalline phases
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Further on in this chapter, this simple idea to describe liquid crystals will
be extended to give an overview of the most important liquid-crystalline
phases. Also a short historical description of liquid crystal research will be
given.
1.1 LIQUID CRYSTALS
1.1.1 Classification
There are two types of liquid crystals: thermotropics and lyotropics1.
Thermotropic liquid crystals change phase upon heating or cooling. When
the mesophase(s) can be obtained by heating the crystalline solid as well as
by cooling the isotropic liquid, the mesophases are said to be enantiotropic.
Sometimes however, it is only possible to obtain a mesophase by cooling
the isotropic liquid (to get to this isotropic liquid, the solid state just melts
without passing through any mesophase). Such a mesophase is said to be
monotropic. Lyotropic liquid-crystalline phases can appear when a
compound is mixed with a solvent, such as water or polyethyleneglycol.
The appearance of the mesophase is dependent on the concentration of the
compound in the solvent and on the temperature. When a concentration
gradient is present, different lyotropic mesophases can be obtained. Since
this work considers thermotropic liquid crystals, further attention will be
paid to this type only. According to their structural features, two types of
thermotropics can be further identified. When the compounds have a rod-
like structure, they are called calamitics. When in contrast, they have a flat,
disc-like structure, they are said to be discotic.
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1.1.2 Which mesophases do we know ?
1.1.2.1 Mesophases of calamitic liquid crystals
Calamitic liquid crystals can be represented by rods, since they need to
have an elongated structure in order to show calamitic mesophases. When
such rods are arranged in a fluid state, with nothing more than simple one-
dimensional orientational order, they are in a nematic phase (N). This is the
least ordered calamitic mesophase: the molecules all point more or less in
the same direction. Their mean direction is represented by the director n, as
can be seen in figure 1.3. The majority of the applications of liquid crystals
are based on this mesophase.
Figure 1.3 Schematic representation of a nematic phase (N)
When, in addition to being orientationally ordered, the molecules are
stacked in layers, a smectic mesophase is formed. When the director is
perpendicular to the layers, one has a smectic A phase (SmA). The
molecules are loosely associated within layers and, on average, all point in
a direction perpendicular to the layers (figure 1.4). By making a small
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modification to this ordering, another type of smectic phase can be formed:
when the molecules are tilted within the layers, a smectic C phase occurs
(SmC). Now, the director makes a tilt angle θ to the layer normal (figure
1.5).
Figure 1.4 Schematic representation of a smectic A phase (SmA)
Figure 1.5 Schematic representation of a smectic C phase (SmC)
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The nematic phase and both smectic A and C phases are the most
important calamitic mesophases. In these phases, no positional correlation
between the molecules exists. This means that still some fluidity can be
seen (ranging from low viscous nematic phases to very viscous smectic
phases). When positional ordering is introduced, mesophases occur which
are, generally speaking, even more viscous. When for instance the
molecules in a SmA phase are ordered in a hexagonal way within the
layers, a smectic B phase arises (SmB). The molecules in a SmB phase can
be tilted in two different ways, which both give rise to another smectic
phase: smectic I and smectic F, respectively (SmI and SmF).
Chiral variants of N, SmC, SmI and SmF phases are also known.
1.1.2.2 Mesophases of discotic liquid crystals
When discotic liquid crystals are considered, the short molecular axis has
to be taken into account when building mesophases. Disc-like molecules
can be stacked in columns, like a pile of coins. When the pile of coins
collapses and the only symmetry remaining is the fact that all coins are
lying flat on the table, the least ordered discotic mesophase is formed. It is
called discotic-nematic. When the piles or columns do not collapse,
columnar mesophases occur. Depending on the packing of the columns,
several columnar mesophases can be distincted, two of which are
illustrated in figure 1.6.
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Figure 1.6 Discotic-nematic (ND, a) and hexagonal (Dh, b and c) columnar phases
1.1.3 Mesophase characterization
How do we know we’ve got a liquid crystal? Just looking at the crystalline
state at room temperature (presuming the compound melts at a
temperature above room temperature) won’t do. Fortunately, the
characteristic properties of the mesophases allow us to use three different
techniques in order to identify the liquid-crystalline properties of the
compound. The first technique is based on the birefringence of the
mesophase and is called Hot-stage Polarizing Optical Microscopy (POM). It is
used to look at the optical textures that are typical for a given mesophase.
A technique that is used complementary to microscopy is Differential
Scanning Calorimetry (DSC). With DSC, phase changes can be measured
very accurately: not only the transition temperatures, but also the transition
enthalpies can be determined. A third way to study mesogenic behaviour is
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using X-ray Powder Diffraction (XRD). When an X-ray beam interacts with
the typical structure of the mesophase, a characteristic diffraction pattern is
observed, which allows identification of the mesophase.
1.1.3.1 Hot-stage polarizing optical microscopy
This technique is based on the fact that the mesophase is anisotropic and
birefringent. This means that the mesophase has two different refractive
indices, parallel and perpendicular to the liquid crystal’s director. When
the sample, in its liquid-crystalline state, is struck by a polarized beam of
light, two refracted rays are formed, which interact with each other to give
a typical pattern under the microscope. This pattern is called texture and is
different for each mesophase, albeit that these differences can sometimes be
too small for a non-expert eye to see.
Figure 1.7 illustrates the experimental setup that is used to perform
microscopy studies. A ‘visible amount’ of product (typically 1 - 2 mg) is
placed between two microscope cover slips and these are positioned on the
hot stage. This hot stage is made out of silver, because of the high thermal
conductivity of this metal, and can be heated or cooled by means of a
computer-driven temperature controller. The optical path runs through a
quartz window in the hot stage. The microscope is equipped with two
polarizers: one is placed between the light source and the hot stage and the
other is localized between the hot stage and the observer. The polarizers
can be rotated, but are typically placed in a crossed configuration; this
means their polarization directions are perpendicular. In that way, only
birefrigent materials, like most mesophases, can cause an image to appear
to the observer. Isotropic materials, like the isotropic molten phase, are not
birefringent and therefore cannot cause an image to occur: the linearly
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polarized light that passes through the sample is blocked by the analyser,
and the image remains black.
Figure 1.7 Experimental setup for hot-stage microscopy
The best textures are obtained when the sample is cooled from the isotropic
liquid. These are called natural textures. The sequence in which the different
textures are observed upon heating or cooling can also be diagnostic for the
mesophase transitions. When 4-nonyloxybenzoic acid, which was
discussed at the beginning of this chapter, is cooled from the isotropic
phase, the natural texture of a nematic phase (N) occurs. This texture is
illustrated in figure 1.8. Typical characteristics are the dark brushes or so
called Schlieren, which seem to emerge from bright spots in the texture.
These ‘spots’ are called singularities and are formed when areas of
differently oriented molecules collide. Typical for a nematic phase is the
presence of both singularities, wherefrom 4 and 2 brushes emerge.
What is all this about ?
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Figure 1.8 Schlieren texture of a nematic phase (N)
Another typical texture which has to be illustrated here is the fan-shaped
texture of a smectic A phase (SmA), because all complexes studied in this
thesis show SmA mesophases. This fan-shaped texture occurs when
cooling from the isotropic liquid. First, however, rod-like features appear,
called bâtonnets. These bâtonnets coalesce to form the fan-shaped texture.
When the molecules in the SmA phase are oriented with their long
molecular axes perpendicular to the cover slips, they cannot influence the
polarization direction of the incident beam and extinct regions occur in the
texture. These black regions are called homeotropic regions. Sometimes
nearly all molecules are oriented this way and almost the entire texture
seems black. Figure 1.9 was taken at the clearing point: the sample is being
cooled from the isotropic liquid. Bâtonnets are growing from the isotropic
phase. Figure 1.10 was taken immediately after figure 1.9. The bâtonnets
have coalesced to form a fan-shaped texture, showing homeotropic regions.
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Figure 1.9 Texture of a smectic A phase (SmA),
with bâtonnets growing from the isotropic liquid
Figure 1.10 Texture of a smectic A phase (SmA), the bâtonnets have coalesced to a
fan-shaped texture with homeotropic (dark) regions
What is all this about ?
13
A typical texture of a columnar phase is shown in figure 1.11. As can be
seen, this texture is again very different from the textures shown in figures
1.8 to 1.10.
Figure 1.11 Texture of a discotic liquid crystal
(hexagonal ordered columnar phase)
1.1.3.2 Differential scanning calorimetry (DSC)
While hot-stage polarized optical microscopy is very typically used to
identify liquid-crystalline materials, DSC is used in a much wider area. It
can be used to perform a thermodynamic study of more than just liquid-
crystalline materials (e.g. polymers).
Two types of DSC techniques are used. The actual DSC technique (also
known as power compensation DSC) is based on the measurement of the
amount of power that has to be applied to both the sample and a reference
in order to maintain them at the same temperature as a function of
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temperature or time. This means sample and reference are placed in two
separate furnaces. The Perkin-Elmer DSC 7 is based on this principle. Here
the amount of power (which corresponds to the phase transition energy) is
measured directly.
A second technique which is used to obtain the same kind of results
functions in a slightly different way. This technique, which is also known
as heat flux DSC or Boersma type DSC, uses just one furnace to heat both
sample and reference. When the sample goes through a phase transition, it
will show a temperature lag compared to the reference. When the sample
mass is known and the temperature lag can be measured very accurately,
therefrom the energy of the transition (e.g. the melting enthalpy) can be
derived. The Mettler-Toledo DSC 821e module works according to this
principle.
DSC always has to be complementary to optical microscopy measurements,
because very minute changes in the texture, which might be missed in the
microscope, can show up very clearly in the DSC. On the other hand, very
low energy phase transitions can be accompanied by very clear optical
changes of the observed texture. Figures 1.12 and 1.13 illustrate both types
of DSC techniques.
Figure 1.12 Power compensation DSC
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All DSC measurements reported in this thesis were done on the Mettler-
Toledo DSC 821e module, which is an example of the second type.
Figure 1.13 Heat flux DSC
1.1.3.3 Small angle X-ray scattering
Just as single crystal X-ray diffraction can be used to determine structures
of molecules, similarly mesophases can be examined by means of X-ray
scattering techniques to learn more about their structural properties. When
a powdered sample of a liquid-crystalline material is placed in a quartz
capillary, it can be struck by X-rays while being heated or cooled. In this
way, the structural characteristics of the mesophase can be monitored
when going from the solid phase towards the isotropic phase or vice versa.
So, layer spacing in smectic phases can be measured, as well as positional
correlation of the molecules (e.g. in SmB or higher smectic phases).
The X-ray technique is based on Bragg’s law, which relates the angle of
incidence of the X-ray beam θ with the X-ray wavelength λ and the
distance d between two planes:
2d sinθ = nλ (1-1)
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The experimental setup used to investigate mesophase characteristics is
depicted schematically in figure 1.17. X-rays can be generated in an X-ray
tube. Mostly Cu Kα or Mo Kα radiation is used. This X-ray beam is then
collimated in order to get a well-focused beam. When this beam strikes the
sample, which is placed in a glass capillary which in turn can be heated in
an amorphous carbon furnace, diffraction will take place. The diffracted
beams that interfere coherently are then captured by a detector. From the
intensity of the signals and from the angles at which these signals occur,
information regarding the structure of the sample can be derived. For
liquid crystals, mostly layer spacings in smectic phases are determined.
Figure 1.17 Experimental setup for XRD powder measurements
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1.2 WHO STARTED IT ?
1.2.1 The cradle of liquid crystal research
The history of the development of liquid crystals may be divided into three
areas of time2. The first period is usually taken from the latter part of the
nineteenth century to about 1925, when the initial scepticism about this
new state of matter evolved in a general acceptance and the first
classification of liquid crystals into different types. During the second
period, from about 1925 to 1960, general interest in the subject was rather
low and only few scientists were involved. The third period, which lasts
until today, is marked by a very rapid increase in activity in the field,
triggered by the first indications that technological applications could be
found for liquid crystals.
The question that has to be answered regarding the first period is this: who
discovered the first liquid crystal then? To answer this question, one has to
distinguish between observations that have been reported without giving
further notice to them and observations of unusual phenomena that led to
a new understanding of those phenomena. Taken that into account, one has
to give credit to Friedrich Reinitzer, an Austrian botanist, who described in
1888 the unusual melting behaviour of cholesteryl acetate and cholesteryl
benzoate3, the structure of which is shown in figure 1.18. He described the
‘double melting behaviour’ of cholesteryl benzoate: upon heating the solid
state, the crystals transformed at 145.5 °C into a cloudy fluid, which
suddenly clarified upon further heating at 178.5 °C. Together with those
observations, he also noticed the appearance of a blue colour, almost
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simultaneous with the transitions. Upon cooling, the same effects were
observed. We now know that what Reinitzer was looking at at that time is
typical for a chiral liquid crystal. At the same time, a German physicist,
Otto Lehmann, had obtained quite some expertise in designing and
building polarization microscopes. Reinitzer knew this and approached
him in the same year, 1888. This led to the submission by Lehmann of a
paper in which the term liquid crystal is used for the first time, in 18894.
Figure 1.18 Structure of cholesteryl acetate (R=CH3)
and cholesteryl benzoate (R=Ph)
In the following years, Lehmann continued work with liquid crystals and
dominated the scene from the late 1800s until his death in 1922. Despite the
growing number of compounds, the acceptance of liquid crystals as a novel
state of matter was not universal. This changed in 1922, with a publication
by G. Friedel5. In addition to a wealth of information on microscopic
techniques and materials, Friedel’s article represented the first classification
of liquid crystals into types, e.g. nematic, smectic and cholesteric. This
article, together with the publication on synthesis and studies of new
O
O
R
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liquid-crystalline materials by organic chemists, notably Vorländer, must
be regarded as a firm basis in the early understanding of liquid crystals6.
During the period between about 1925 and 1960, in which little activity
took place regarding liquid crystal research, yet important developments
did occur. The influence of external (electric and magnetic) fields on liquid
crystals was studied, together with the orienting capabilities of surfaces.
Progress was also made concerning the structure/property relationship in
liquid crystals: by this time, it was agreed upon that the rodlike shape of
the molecules was responsible for the liquid-crystalline behaviour of the
mesomorphic materials (at least the calamitic ones)7. Furthermore, theories
on the liquid crystal state were developed8.
During the first ten years of the third period, Maier and Saupe published
some papers on the mean field theory of nematic liquid crystals, which
must be seen as the essential starting point for further theoretical
developments in the field of liquid crystals9. D. Demus and G. Gray were
amongst the researchers who made progress in the synthesis of new liquid-
crystalline materials10-11. Furthermore, X-ray studies gained a lot of interest
to study the structural behaviour of mesophases12-13. Steadily the research
for liquid crystal applications broadened its view and the milestone in this
field has to be the discovery and publication of the 4-alkyl- and 4-alkoxy-4’-
cyanobiphenyls by Gray and coworkers in 197314. High quality, reliable
liquid crystal displays could be built with these materials, which formed
the basis of the booming display industry today. Also to be mentioned is
the work of Chandrasekhar’s group on discotic liquid crystals, which
started with their discovery in 197715.
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1.2.2 And then they put a metal in
It was as early as 1910 when Vorländer studied the first reported metal
containing liquid crystal16. These so called metallomesogens consisted of
alkali metal salts of long chain aliphatic carboxylic acids, which formed
lamellar mesophases which are characteristic for soaps. Also amongst the
first reported metallomesogens are the diarylmercury(II)complexes
described by Vorländer in 192317. Just as research on classic organic liquid
crystals was minimal in the period between 1925 and 1960, the same was
true for metal containing liquid crystals. Between 1959 and 1961, Skoulios
and coworkers studied alkali and alkaline earth metal carboxylates18. In
1976, Malthête and Billard reported Schiff base ferrocene derivatives which
showed smectic mesomorphism19. Systematic study of metallomesogens
took off in 1977 with the publication by Giroud-Godquin and Müller-
Westerhoff of mesomorphic dithiolene complexes of nickel and
palladium20. Since then, many new ligand types and metals have been
combined in metallomesogens.
At first, however, one tried to mimic organic liquid crystals by trying to
build rod- or disc-like molecules, which, in turn, showed calamitic or
columnar mesophases, respectively. To achieve these symmetries, linear,
trigonal planar and square planar coordinating metals were applied, in
combination with uni- or bidentate ligands. Nevertheless, most metals
present in the periodic system have higher coordination numbers or
coordinate in a different way (mostly tetragonal or octahedral). The
problem of insufficient anisotropic structures obtained by these high
coordination number metals can be addressed by carefully designing
specific ligand types. This was done by Galyametdinov and coworkers in
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1984 in the synthesis of the first oxovanadium compounds, where two
highly anisotropic Schiff base ligands were used to form a complex with
oxovanadium21. In 1988, the first systematic investigation on ferrocene-
based liquid crystals was reported by Bhatt et al. Esterification of the
ferrocene five-membered rings led to sufficiently anisotropic compounds to
compensate for the bulky ferrocene core22. This work inspired others to
undertake elaborate studies towards polysubstitution in ferrocene systems,
like Deschenaux, starting in 199123. In 1994, Bruce reported the first
octahedral metallomesogen, based on Mn(I) and Re(I), in which the metal
center was bound to two ligand atoms and four carbonyl groups, to obtain
a sufficiently anisotropic compound24. Very recently, even buckminster
fullerene containing ferrocene liquid crystals have been reported25.
1.2.3 Lanthanide, anyone ?
A specific kind of metal containing metallomesogens uses lanthanide ions
as the central metal ion. Now why would someone want to do that?
Lanthanide ions have very large coordination numbers (ranging from
about six to as high as twelve), which means they want a lot of ligands to
bind to them, making it very difficult to obtain a structurally anisotropic
compound. Just that would make it scientifically challenging to build
lanthanide containing metallomesogens. But there’s more to it: most
lanthanides show very bright luminescence, emitting light with a high
colorimetric purity. Furthermore, most lanthanides are highly
paramagnetic, which allows magnetic switching in stead of switching by
means of an electric field. Added to that the fact that lanthanides have been
shown to induce mesomorphism in non-mesomorphic ligands would make
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a fairly good reason to start thinking about the synthesis of a lanthanide
based liquid crystal.
That’s what Piechocki et al. had done in 1985, when they reported the first
ever liquid-crystalline lanthanide compound: a phthalocyanine complex of
lutetium, showing discotic mesomorphism26.
Science had to wait until 1991 for the first report on a calamitic lanthanide
containing liquid crystal27. In his paper, Galyametdinov described the
smectic mesomorphism of lanthanide complexes of Schiff base ligands
previously used to form iron complexes. The structure of this ligand is
shown in figure 1.19. The ligand itself is a liquid crystal, showing a nematic
phase: Cr⋅43⋅N⋅71⋅I. The reported transition temperatures for the Gd-based
complex with nitrate as the counterion are: Cr⋅98⋅SmX⋅192⋅I. Later on, this
SmX phase was recognized as a SmA phase.
Figure 1.19 Ligand of the first calamitic lanthanide containing liquid crystal
It was again Galyametdinov, who, in 1994, published a study on lanthanide
containing liquid crystals derived from non-mesogenic β-
enaminoketones28. The ligand, shown in figure 1.20, melts directly into the
isotropic phase at 76 °C. When Dy is used to form a complex of
C7H15O
O
O
OH
N C12H25
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composition [LHL2Dy(NO3)2], where LH signifies the ligand, a liquid
crystal is formed, showing a SmA phase: Cr⋅84⋅SmA⋅134⋅I.
Figure 1.20 β-enaminoketone ligand
Also in 1994, Galyametdinov reported the first lanthanide complexes with
the non-mesogenic Schiff base type ligand on which the research in this
thesis is based29. This ligand, depicted in figure 1.21, consists of one
aromatic ring bearing an alkoxy chain, and of an alkyl chain which is
connected to the aromatic ring through an imine bond. The ligand itself is
not a liquid crystal, whereas the lanthanide complexes show SmA
mesomorphism.
Figure 1.21 First one-ring ligand for lanthanide liquid crystals
The same paper reports on the high magnetic anisotropy of the complexes.
A similar report is published in 1995, by Ovchinnikov et al., who belongs to
the same research group30. In the same year, Galyametdinov reports on the
C12H25O
O
N C18H37
H
C7H15O
OH
N C18H37
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record magnetic anisotropy of a Tb-based metallomesogen: when this
compound is heated into the isotropic liquid and subsequently cooled in
the presence of a magnetic field, a sharp increase in the magnetic
susceptibility and the magnetic moment is observed, due to the orientation
of the substance by the external field31. The measured magnetic anisotropy
is greater than that of any known liquid crystal at that time, by more than
two orders of magnitude. This implies that switching can be done in
magnetic fields in stead of electric ones, so for instance no electrochemical
decomposition of the compounds can occur, which can be the case when
electric fields are used for switching.
While the first years of research on calamitic lanthanide containing liquid
crystals are obviously dominated by the Galyametdinov group, other
researchers start to show interest in the area as well. In 1995, a Chinese
worker Wang publishes some results on lanthanide complexes containing
the hemicyanine chromophore, which were said to be liquid-crystalline32.
The structure of the complexes mentioned is depicted in figure 1.22. As can
be seen, the structure consists of a positively charged hemicyanine group,
which is bound to the negatively charged lanthanide moiety, which in turn
consists of four β-diketonate ligands binding the lanthanide ion.
In this paper, DSC curves and optical microscopy images are shown to
prove the fact that the compounds exhibit mesomorphic behaviour. This
fact was later shown to be incorrect by Binnemans et al33. When the
synthesis of the compounds was repeated in the lab of Binnemans’ group,
DSC traces were recorded as well, showing the same peaks in the lower
part of the thermogram. When heating towards higher temperatures,
however, one more transition seemed to appear.
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Figure 1.22 Hemicyanine containing lanthanide complex
It soon became clear that the hemicyanine bromides, from which the
complexes are derived, showed liquid-crystalline behaviour themselves,
but the lanthanide complexes did not. The so called ‘mosaic textures’
shown in the Wang article were in fact images of the crystallized state of
the compounds. When looking at the bulky structure of the complexes, one
would indeed be surprized to find these compounds to be liquid
crystalline.
In 1996, Galyametdinov suggests a molecular structure for his lanthanide
compounds, built with Schiff base ligands34. Furthermore, he proposes a
way in which the complex molecules are packed within the smectic layers.
In the same year, the Galyametdinov group reports on the magnetic
properties of rare-earth β-enaminoketone metallomesogens35-36.
N
CH3
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The first results on lanthanide containing liquid-crystalline polymers were
made public in the paper from Haase and, again, Galyametdinov in 199637.
In this paper, Schiff base ligands are polymerized using a methacrylate
backbone. The polymer obtained in this way is then treated with
Er(NO3)3⋅5H2O, which leads to the mesomorphic erbium polymer.
In the mean time, research groups from Geneva and Neuchâtel in
Switzerland were showing increasing interest in lanthanide containing
liquid crystals. The tridentate ligand displayed in figure 1.23 was studied to
obtain liquid-crystalline lanthanide complexes38. The initially optimistic
results regarding the mesogenic behaviour of the lanthanide compounds
were later withdrawn: the observed mesomorphism appeared to be coming
from the free ligand and not from the lanthanide complex39.
Figure 1.23 Tridentate ligand for lanthanide complexation
A single report on lyotropic liquid crystals with lanthanide ions appears in
1998, showing a way to obtain a nanostructure by polymerizing and
crosslinking the inverted hexagonal phase which can be formed with the
lyotropic mesogens40. In the same period of time, a Japanese group reports
on rare-earth based porous materials41.
The effect of the counterion on the transition temperatures of the
lanthanide containing liquid crystals is discussed by Binnemans in 1998, as
N
X Y
NN
N
XY
N
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replacing the chloride anion for a dodecyl sulphate anion significantly
lowers these transition temperatures42. One year later, Galyametdinov
studies a range of different alkyl sulphate counterions43. Triflate containing
lanthanide liquid crystals are studied by F. Martin (Bruce group, Exeter,
UK)44. Perfluorinated counterion containing liquid-crystalline lanthanide
complexes are studied by Galyametdinov, showing even higher magnetic
anisotropies45.
The first complete homologous series of lanthanide containing mesogens
based on the Galyametdinov Schiff base ligands shows the influence of the
lanthanide ionic radius upon the thermotropic behaviour46.
In 1999, research on mesogenic lanthanide containing soaps becomes
important, leading to several publications on the subject since then47-49. It is
shown that the lanthanide alkanoates form smectic mesophases, but with a
rather high viscosity, due to the specific structural features of the molecular
packing within the mesophase.
In the same year, Boyaval and coworkers investigate adducts that have
been formed by europium β-diketonates with cholesteryl based liquid
crystals and report on the loss of liquid crystallinity when the adducts are
formed50-51. Afterwards, a paper by Binnemans and Lodewyckx is
published on a different kind of adduct, in which liquid crystallinity is
retained, even with only four alkyl chains present. The adducts consist of
lanthanide β-diketonates, coupled with a Schiff base ligand52.
Gradually, reports start appearing in which the global results obtained in
the field of calamitic liquid crystals of lanthanide ions are reviewed (mainly
containing Schiff base ligands)53-54.
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It has to be acknowledged that only two major groups are presently
studying calamitic lanthanide containing liquid crystals on a solid basis:
Galyametdinov (Kazan, Russia) and Binnemans (Leuven, Belgium), while
Bruce (Exeter, UK) also contributed to the subject in a significant way.
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Structural properties
2.1 STRUCTURE OF THE COMPLEXES
When Galyametdinov et al. synthesized the first calamitic lanthanide
containing liquid crystal1, only transition metal complexes of Schiff base
ligands, similar to the one shown in figure 2.1, were known. The structure
of these compounds was already known, consisting of two ligands binding
to one metal ion. One has to acknowledge that most of the metal ions used
in these former mesogens were bivalent (mainly Cu(II) and Ni(II)2-6), so
different structural properties could be expected for the trivalent rare-earth
ions. These expectations were indeed confirmed in the paper. The
structure, proposed for the lanthanide containing metallomesogens, based
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on magnetic susceptibility measurements and elemental analysis data, was
[L3MX2]. Here L is the ligand depicted in figure 2.1, M is the rare-earth ion,
and X is a counterion (chloride or nitrate). Obviously, it is suggested (but
not mentioned explicitly in the paper) that one ligand is present in its
deprotonated form. The phenol oxygen proton must have been lost, to
account for the general formula where only two monovalent counterions
are present with one trivalent lanthanide ion.
Figure 2.1 Ligand from the first calamitic lanthanide mesogen
Later7, lanthanide mesogens were reported which consisted of the non-
mesogenic ligand illustrated in figure 2.2. The reported structure was
identical to that reported for the first lanthanide mesogens. Only now the
phenolic deprotonation was explicitly mentioned: [ML(LH)2(NO3)2].
Figure 2.2 Non-mesogenic Schiff base ligand
C7H15O
O
O
OH
N C12H25
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The composition of the complexes was based on elemental analysis and
mass spectrometry data. The absence of water or alcohol (absolute ethanol:
solvent in which the complexes have been synthesized) was confirmed by
DTA.
2.1.1 Nitrate compounds
2.1.1.1 Complexes containing ligands with one aromatic ring
The first part of the research, which is reported in this thesis, deals with a
systematic study of the thermal and optical properties of this type of
compounds. Thermal data will be reported in Chapter 3, whereas Chapter
4 will deal with the spectroscopic part. In order to make a systematic study,
one has to make a lot of compounds. And since liquid crystal research
investigates transition temperatures, these compounds have to be very
pure (at least 99%), because impurities will affect the transition
temperatures. Different methods are used to check the purity of the
compounds, but elemental analysis is no doubt a very important one. In
addition to elemental analysis data, 1H NMR is used to study the purity
and structure of the diamagnetic compounds (which limites the use of this
technique to organic molecules and the lanthanum and lutetium
complexes). Mass spectrometry is not ideal to study the lanthanide
complexes, because of the high molecular weight of the compounds, and
because counterions are lost upon ionization.
At first, we were a bit sceptical towards the structure proposed by
Galyametdinov et al. Why would the three ligands not be all the same? It
would make more sense if there were just three unionized ligands and
three counterions, like nitrate. The first work done was synthesizing a
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homologous series of the ligand, depicted in figure 2.3, where R = C8H17
and R’ = C18H37, with each of the lanthanide ions8-9, except prometium,
which is radioactive, and cerium, which seemed to be electrochemically
unstable. We also included the trivalent yttrium ion, which is known for its
lanthanide-like properties. It is therefore often named ‘rare earth’, together
with the lanthanides and sometimes the trivalent scandium ion, to point
out their similarities.
Figure 2.3 Schiff base ligand with one aromatic ring
In table 2.1, the elemental analysis (CHN) data of the first homologous
series are summarized. The structure used to calculate the percentages of
carbon, hydrogen and nitrogen, is [(LH)3Ln(NO3)3], where LH is the
unionized ligand depicted in figure 2.3 and Ln is the rare-earth ion. As can
be seen from the analysis data, good agreement exists between the
theoretical and experimental values. Because of the high molecular weight,
however, CHN cannot unambiguously confirm the structure to be
[(LH)3Ln(NO3)3], or some slightly different variation of this structure.
Crystal water molecules can always be incorporated to ‘improve’ the
results.
RO
OH
N R'
Structural properties
37
Table 2.1 Yields and elemental analysis data for [(LH)3Ln(NO3)3]
elemental analysis: calc. (found) %
Ln yield (%) C H N
1 Y 97 66.79 (67.19) 10.02 (10.00) 4.72 (4.64)
2 La 81 64.96 (64.94) 9.75 (9.87) 4.59 (4.41)
3 Pr 92 64.89 (64.94) 9.74 (9.68) 4.59 (4.47)
4 Nd 91 64.77 (64.97) 9.72 (9.71) 4.58 (4.54)
5 Sm 90 64.56 (63.98) 9.69 (9.56) 4.56 (4.43)
6 Eu 92 64.50 (64.54) 9.68 (9.59) 4.56 (4.40)
7 Gd 89 64.32 (64.43) 9.65 (9.62) 4.54 (4.52)
8 Tb 96 64.26 (64.71) 9.64 (9.63) 4.54 (4.48)
9 Dy 99 64.13 (64.57) 9.62 (9.60) 4.53 (4.58)
10 Ho 95 64.05 (63.85) 9.61 (9.62) 4.53 (4.43)
11 Er 93 63.97 (63.96) 9.60 (9.63) 4.52 (4.47)
12 Tm 92 63.91 (63.66) 9.59 (9.55) 4.52 (4.44)
13 Yb 95 63.77 (63.48) 9.57 (9.66) 4.51 (4.40)
14 Lu 86 63.71 (63.70) 9.56 (9.60) 4.50 (4.42)
To illustrate the fact that CHN analysis alone cannot distinguish between
slightly different stoichiometries, table 2.2 shows some elemental analysis
data of different structural variants of compound 4. The first structure is
the one formerly suggested by Galyametdinov et al., consisting of two non-
ionized ligands and one ionized ligand coordinating to the central
lanthanide ion, together with two nitrate counterions. When the theoretical
elemental analysis data of this structure are compared to the ones that were
actually found, agreement is not good. When, however, three molecules of
water are included in the structure, agreement is much better, except for
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nitrogen. The best agreement is found for the [(LH)3Ln(NO3)3]
stoichiometry. It is obvious that the presence of the phenolic proton on the
third ligand cannot be confirmed, but the different nitrogen content when
two or three nitrate ions are present can be seen. However, the differences
are too small to exclude one structure over the other.
Table 2.2 Elemental analysis data for compound 4 (%)
Calculated for
[(LH)2LNd(NO3)2]
Calculated for
[(LH)2LNd(NO3)2]
⋅3H2O
Calculated for
[(LH)3Nd(NO3)3]
Found
C 67.08 65.09 64.77 64.97
H 10.01 10.04 9.72 9.71
N 3.95 3.83 4.58 4.54
The second technique we used to determine the structure of the complexes
is 1H NMR. When the ligand depicted in figure 2.3 is submitted for NMR,
the phenolic protons absorb at very low field (see experimental section at
the end of this chapter), around 14 ppm. When the diamagnetic complex 2
is studied with NMR, the phenolic proton signal shifts to lower δ values:
around 12.2 ppm. Integration of this signal accounts for three protons, in
stead of two, although this alone would not be solid proof. When not all
three ligands would be the same, different signals would show up in the
NMR spectrum. In the actual spectrum, all signals are well resolved. So
here also, assumptions can be made for the presence of three identical
ligands, which are neutral, but no hard evidence can be given (yet).
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One additional element that has been clarified by means of NMR is the way
the ligands coordinate to the lanthanide ion. In the NMR spectrum of the
complex, compound 2, the imine signal is broadened, sometimes even split
in a doublet. Homodecoupling of the signal at 12.2 ppm resulted in a
sharpening of the imine signal at 7.6 ppm. This indicates that the ligands
are present in a zwitterionic form10. This means the phenolic proton has
migrated towards the imine nitrogen and coordination to the lanthanide
ion occurs through the negatively charged phenol oxygen only. This is
illustrated in a simplified way in figure 2.4.
Figure 2.4 Zwitterionic ligand coordinating to a lanthanide
The third technique that was applied to solve the structure problem of
these nitrate containing complexes, is X-ray diffraction. Ideally, one would
be able to grow a single crystal of the liquid-crystalline product to visualize
the actual atomic structure. Due to the long chain length of the ligands,
however, molecular motion is far too high to allow crystallization, so no
single crystals could be obtained. Looking for a consensus, we synthesized
a short chain analogue of the ligand shown in figure 2.3. In stead of long
alkoxy and alkyl chains, only a methoxy group was used, together with a
RO
O
N R'
H
Ln
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butyl chain dangling from the imine nitrogen. This short chain ligand is
illustrated in figure 2.5. Also shown are the complexes derived from this
ligand. Three different lanthanide ions were used: La, Nd and Eu.
[(LH)3Ln(NO3)3]
15 Ln = La
16 Ln = Nd
17 Ln = Eu
Figure 2.5 Short chain ligand LH used for structure determination
The Nd-compound 16 was the first of which single crystals could be
obtained. Therefrom, the structure of the coordination sphere could be
unambiguously derived by means of single crystal X-ray diffraction. The
structure of compound 16 is given in figure 2.6. Because of the high
resolution, individual protons could be localized. The structure confirms
the zwitterionic presence of the ligands, as well as the fact that all three
ligands have retained their phenolic proton, although it has moved to the
imine nitrogen. Coordination indeed occurs through the phenol oxygen
only, and not through the imine nitrogen. The three nitrate anions can
clearly be seen and coordinate in a bidentate fashion. The coordination
number of the neodymium ion is 9, which is a normal value for a
lanthanide ion. Almost simultaneously, but independently, Galyametdinov
and coworkers obtained a single crystal of the Dy-analogue. Their results
coincide nicely with the structure9 shown in figure 2.6. Later, we showed
the La- and Eu-analogues to have a similar structure as well. In table 2.3,
the crystallographic data of compounds 15, 16 and 17 are summarized.
CH3O
OH
N C4H9
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Table 2.3 Summary of crystallographic data of compounds 15, 16 and 17
15 (La) 16 (Nd) 17 (Eu)
Formula C36H51N6O15La C36H51N6O15Nd C36H51N6O15Eu
Mol. wt. 946.73 952.06 959.78
Cryst. syst. triclinic triclinic triclinic
Space group P-1 (no. 2) P-1 (no. 2) P-1 (no. 2)
a, Å 11.507(2) 11.455(2) 11.426(3)
b, Å 13.908(3) 13.859(3) 13.842(3)
c, Å 14.159(4) 14.101(4) 14.080(3)
α, deg 98.43(2) 98.50(2) 98.58(1)
β, deg 99.40(1) 98.87(1) 98.46(1)
γ, deg 92.21(2) 92.52(2) 92.52(2)
V, Å3 2206.9(9) 2182.4(9) 2173.0(9)
Z 2 2 2
Dcalc, g cm-3 1.441 1.449 1.467
F(000) 972 978 984
μMo Kα, mm-1 1.0 1.85 1.5
Reflns. measured 6405 7708 8884
θ range, deg 1.5 < θ < 22.2 2 < θ < 25 1.5 < θ < 25
Reflns. unique 5408 7328 7641
Refls. obsd.* 4582 6418 5966
Variables 565 566 565
R 0.0349 0.0376 0.0499
* I > 2σ(I)  for compounds 15 and 17, I > 3σ(I)  for compound 16
Herewith, the structure problem of the nitrate complexes was finally
solved.
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Figure 2.6 Crystal structure of compound 16
2.1.1.2 Complexes containing ligands with two aromatic rings
Whereas the complexes with ligands containing one aromatic ring form the
main research topic of this thesis, two-ring ligands were also explored,
because of their mesomorphism in the uncoordinated state11. These Schiff
bases with two aromatic rings are similar to the ligand used by
Galyametdinov to synthesize the first calamitic lanthanide containing
liquid crystal. This ligand, the structure of which is displayed in figure 2.7,
exhibits liquid-crystalline behaviour itself, showing nematic and/or
smectic C phases, depending on the chain lengths of R and R’: short chains
stabilize the nematic phase, while long chains induce a smectic C phase.
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Figure 2.7 General representation of a Schiff base ligand with two aromatic rings
Lanthanide nitrates were used to make complexes with the ligand shown
in figure 2.7. An overview of the ligands that have been synthesized can be
found in table 2.4. As can be seen, different chain lengths for R and R’ have
been used.
Table 2.4 Ligands with two aromatic rings (for R and R’, see figure 2.7)
Ligand R R’
L1H C6H13 C12H25
L2H C10H21 C12H25
L3H C12H25 C12H25
L4H C6H13 C18H37
L5H C8H17 C18H37
L6H C10H21 C18H37
L7H C12H25 C18H37
Several lanthanide complexes containing the nitrate anion have been
synthesized with the ligands from table 2.4. Three lanthanide ions have
been selected: La, Nd and Tb. The lanthanum compounds have been
chosen because of their diamagnetism. Table 2.5 shows an overview of the
complexes that have been made, together with their elemental analysis
RO
O
O
OH
N R'
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results. As is obvious from this table, two different stoichiometries have to
be taken into account. Some complexes correspond to the composition
[(LH)3Ln(NO3)3] and resemble the complexes with one aromatic ring. The
other stoichiometry found is [L(LH)2Ln(NO3)2], which corresponds to the
first stoichiometry ever reported on this type of compounds.
It was possible to perform NMR decoupling experiments on the lanthanum
complexes 18, 23 and 24, which showed evidence for the presence of a
zwitterionic form of the ligands in the complexes. Thus, the compounds
with composition [(LH)3Ln(NO3)3] are believed to be very similar to those
with only one aromatic ring. Therefore it is suggested that three neutral but
zwitterionic ligands coordinate to the lanthanide ion through their phenolic
oxygen only. The three nitrates present are believed to coordinate in a
bidentate fashion. Although short chain analogues of the complexes have
been synthesized, no single crystals could be obtained, so no crystal
structure could be derived.
In the complexes of type [L(LH)2Ln(NO3)2], it was also possible to find
evidence for the presence of a zwitterionic form of the ligands. In principle,
the third ligand, which has lost its phenolic proton, can be either
monodentate through its phenolic oxygen, or bidentate through its
phenolic oxygen and its imine nitrogen. In the first case, the coordination
number of the lanthanide ion is 7, since only two (presumably bidentate)
nitrate anions are present. In the second case, the coordination number
could be 8. Both are acceptable values for trivalent lanthanide ions.
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Table 2.5 Lanthanide complexes derived from the ligands in table 2.4
elemental analysis: calc. (found) %
    Stoichiometry C H N
18 [(L1H)3La(NO3)3] 62.19 (62.26) 7.67 (7.68) 4.53 (4.15)
19 [(L1H)3Tb(NO3)3] 61.52 (61.42) 7.58 (7.44) 4.48 (4.04)
20 [L2(L2H)2La(NO3)2] 66.20 (65.73) 8.43 (8.25) 3.57 (3.25)
21 [L3(L3H)2La(NO3)2] 67.00 (66.70) 8.68 (8.52) 3.43 (3.17)
22 [(L3H)3Nd(NO3)3] 66.83 (66.49) 8.66 (8.43) 3.41 (3.01)
23 [(L4H)3La(NO3)3] 65.00 (64.87) 8.47 (8.46) 3.99 (3.66)
24 [(L5H)3La(NO3)3] 65.79 (65.46) 8.70 (8.70) 3.84 (3.53)
25 [L6(L6H)2La(NO3)2] 68.42 (67.73) 9.11 (9.15) 3.17 (3.34)
26 [L6(L6H)2Nd(NO3)2] 68.25 (67.61) 9.09 (8.88) 3.16 (2.98)
27 [L7(L7H)2La(NO3)2] 69.05 (68.75) 9.31 (9.33) 3.05 (3.24)
28 [L7(L7H)2Nd(NO3)2] 68.89 (68.46) 9.29 (9.19) 3.04 (2.88)
2.1.2 Chloride compounds
When lanthanide chlorides are used instead of lanthanide nitrates in the
synthesis of the complexes with the ligand in figure 2.3, also liquid-
crystalline lanthanide complexes can be obtained. Even in the first report
on liquid-crystalline lanthanide complexes, some chloride complexes were
made. Just one general structural formula was suggested, though. As has
already been mentioned in this thesis, this structure is [L3MX2]. Here L is
the ligand depicted in figure 2.1, M is the rare-earth ion, and X is a
counterion (chloride or nitrate).
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We intended to make a homologous series of complexes with the ligand
from figure 2.3 (R = C8H17, R’ = C18H37), with all the rare-earth ions (again,
except for Ce, Pm and Sc), with chloride counterions. From a scientific
point of view, such a study is very interesting, because the complexes must
have a different coordination sphere than those with nitrate counterions,
since chloride can never be bidentate like nitrate. Table 2.6 gives an idea of
the complexes that have been synthesized. As can be seen, the composition
of most complexes is in good agreement with the general formula
[(LH)3LnCl3], except for the lanthanum and neodymium compounds (30
and 32). Three short chain analogues have been synthesized: the ligand
from figure 2.5 was used to form chloride complexes of La, Nd and Yb.
Since the first two show abnormal behaviour in the long chain version (see
table 2.6) and the last one does not, getting a crystal structure from those
short chain analogues would be of primordial importance to solve the
structure problem of the chloride complexes. The chloride complexes,
however, seem to be a lot harder to crystallize than their nitrate
counterparts. Thus, up till now, no single crystals have been obtained,
though numerous efforts have been made.
Because of the very low solubility of the lanthanum complex in almost any
solvent, it showed to be impossible to perform NMR studies on this
compound. However, because of the deviating elemental analysis data of
the lanthanum complex, it would be unwise to draw conclusions from
these NMR results concerning the coordination properties for the rest of
the complexes, anyway. So up till now, the structure of all but two chloride
complexes is believed to be similar to that of the nitrate analogues, the
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chloride compounds differing only in the way the counterion binds to the
lanthanide ion.
Table 2.6 Yields and elemental analysis data for [(LH)3LnCl3]
elemental analysis: calc. (found) %
Ln yield (%) C H N
29 Y 80 69.92 (69.93) 10.49 (10.50) 2.47 (2.39)
30 La 78 67.92 (62.07) 10.19 (9.42) 2.40 (2.01)
31 Pr 73 67.84 (67.83) 10.18 (10.14) 2.40 (2.19)
32 Nd 64 67.71 (62.53) 10.16 (9.45) 2.39 (2.05)
33 Sm 77 67.48 (67.18) 10.12 (10.07) 2.38 (2.26)
34 Eu 84 67.42 (67.38) 10.11 (10.08) 2.38 (2.27)
35 Gd 81 67.21 (67.22) 10.08 (10.07) 2.38 (2.23)
36 Tb 88 67.15 (67.15) 10.07 (10.07) 2.37 (2.25)
37 Dy 89 67.02 (66.83) 10.05 (10.03) 2.37 (2.19)
38 Ho 89 66.92 (66.82) 10.04 (10.00) 2.36 (2.20)
39 Er 88 66.84 (66.74) 10.03 (10.01) 2.36 (2.23)
40 Tm 95 66.77 (66.68) 10.02 (9.97) 2.36 (2.24)
41 Yb 92 66.62 (66.61) 10.00 (9.97) 2.35 (2.16)
42 Lu 88 66.55 (66.55) 9.98 (9.97) 2.35 (2.16)
Chloride always being monodentate, and assuming the ligands are present
in their monodentate zwitterionic form, the coordination number of the
lanthanide has to be 6, which is rather low for trivalent lanthanide ions.
Alternative (dimeric) structures containing bridging chloride ions have
been thought of, but no evidence for the existence of such compounds has
been given12.
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2.1.3 Dodecyl sulphate compounds
Another type of counterion that can be used in stead of nitrate or chloride
is the dodecyl sulphate (DOS) counterion. As will be shown in Chapter 3,
changing the counterion in analogous lanthanide complexes has a
pronounced effect on the transition temperatures of that compound13-14.
Therefore, we attempted to make another homologous series of the rare-
earth elements, using a ligand similar to that depicted in figure 2.3, the only
difference being the alkoxy chain bearing fourteen carbon atoms instead of
eight. For clarity, the ligand used to synthesize the homologous dodecyl
sulphate series is shown in figure 2.8.
Figure 2.8 Ligand used in the homologous dodecyl sulphate series
The lanthanide dodecyl sulphate salts cannot be obtained commercially,
but have to be lab-made. The synthesis is very simple: sodium dodecyl
sulphate (NaDOS) is dissolved in deionized water and a solution of
lanthanide chloride in deionized water is added dropwise to the stirred
NaDOS solution. A precipitate of the lanthanide dodecyl sulphate is
formed almost immediately. The salt Ln(DOS)3 is left to stir for about 30 to
60 minutes, is then filtered on a crucible and dried in a vacuum oven. The
exact experimental modus is given in the experimental section at the end of
this chapter. The salts are all mono- or dihydrates. The synthesis of the
C14H29O
OH
N C18H37
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lanthanide complexes is analogous to that of the nitrate or chloride
analogues. For some complexes, crystal water has to be taken into account.
In table 2.7, a full overview is given of the lanthanide dodecyl sulphate
salts. Table 2.8 combines structural data with the elemental analysis data of
the lanthanide complexes formed.
As can be seen from table 2.8, the stoichiometry of the lanthanide
complexes corresponds to the overall formula [(LH)3Ln(DOS)3]⋅xH2O, x
being 0 or 2. The diamagnetic lanthanum compound 59 was again
investigated by means of NMR, and the presence of the zwitterionic form
of the ligand was again shown. It is therefore suggested that the dodecyl
sulphate complexes are structural analogues of the nitrate complexes. Since
dodecyl sulphate can coordinate in a bidentate fashion, the coordination
number of the lanthanide ion should be 9, as is the case for the nitrate
compounds. Attempts have been made to synthesize a short chain alkyl
sulphate to make a short chain complex for the growth of single crystals for
structure determination. However, no single crystals have been obtained
yet.
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Table 2.7 Yields and elemental analysis data for Ln(DOS)3⋅xH2O
elemental analysis: calc. (found) %
    Compound
yield
(%)
C H N
43 Y(DOS)3⋅2H2O 92 46.94 (46.86) 8.64 (8.72) ⎯
44 La(DOS)3⋅H2O 96 45.37 (45.65) 8.14 (8.33) ⎯
45 Ce(DOS)3⋅H2O 92 45.31 (45.56) 8.13 (8.14) ⎯
46 Pr(DOS)3⋅H2O 93 45.27 (45.60) 8.13 (8.03) ⎯
47 Nd(DOS)3⋅H2O 95 45.11 (45.11) 8.10 (8.03) ⎯
48 Sm(DOS)3⋅H2O 94 44.83 (44.51) 8.05 (8.16) ⎯
49 Eu(DOS)3⋅H2O 92 44.75 (44.50) 8.03 (7.99) ⎯
50 Gd(DOS)3⋅H2O 95 44.51 (44.47) 7.99 (8.17) ⎯
51 Tb(DOS)3⋅2H2O 92 43.62 (43.69) 8.03 (7.97) ⎯
52 Dy(DOS)3⋅H2O 90 44.27 (44.21) 7.95 (8.11) ⎯
53 Ho(DOS)3⋅2H2O 91 43.36 (43.39) 7.98 (8.11) ⎯
54 Er(DOS)3⋅2H2O 91 43.26 (43.30) 7.97 (8.08) ⎯
55 Tm(DOS)3⋅2H2O 92 43.19 (43.22) 7.95 (7.92) ⎯
56 Yb(DOS)3⋅2H2O 91 43.01 (43.21) 7.92 (7.93) ⎯
57 Lu(DOS)3⋅2H2O 94 42.93 (42.91) 7.91 (7.92) ⎯
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Table 2.8 Yields and elemental analysis data for [(LH)3Ln(DOS)3]⋅xH2O
Elemental analysis: calc. (found) %
    Compound
yield
(%)
C H N
58 [(LH)3Y(DOS)3] 70 69.53 (69.17) 10.98 (10.97) 1.59 (1.53)
59 [(LH)3La(DOS)3] 61 68.24 (68.24) 10.78 (10.80) 1.56 (1.52)
60 [(LH)3Ce(DOS)3] 48 68.20 (68.22) 10.77 (10.95) 1.56 (1.48)
61 [(LH)3Pr(DOS)3] 57 68.18 (68.18) 10.77 (10.93) 1.56 (1.49)
62 [(LH)3Nd(DOS)3] 54 68.10 (68.23) 10.76 (10.78) 1.56 (1.46)
63
[(LH)3Sm(DOS)3]
⋅2H2O 77 67.05 (66.69) 10.74 (10.70) 1.53 (1.42)
64
[(LH)3Eu(DOS)3]
⋅2H2O 78 67.02 (66.91) 10.73 (10.65) 1.53 (1.46)
65
[(LH)3Gd(DOS)3]
⋅2H2O 74 66.89 (66.68) 10.71 (10.43) 1.53 (1.38)
66
[(LH)3Tb(DOS)3]
⋅2H2O 73 66.84 (67.00) 10.71 (10.47) 1.53 (1.37)
67
[(LH)3Dy(DOS)3]
⋅2H2O 74 66.76 (66.80) 10.69 (10.89) 1.53 (1.39)
68 [(LH)3Ho(DOS)3] 49 67.58 (67.60) 10.68 (10.88) 1.54 (1.46)
69 [(LH)3Er(DOS)3] 58 67.52 (67.42) 10.67 (10.57) 1.54 (1.43)
70 [(LH)3Tm(DOS)3] 58 67.48 (67.05) 10.66 (10.42) 1.54 (1.49)
71 [(LH)3Yb(DOS)3] 56 67.38 (67.21) 10.64 (10.80) 1.54 (1.46)
72 [(LH)3Lu(DOS)3] 66 67.33 (67.20) 10.64 (10.44) 1.54 (1.38)
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2.2 STRUCTURE OF THE MESOPHASES
Since this thesis deals with liquid crystals, mesophase characterization is
one of the highlights. As has already been mentioned in Chapter 1, three
methods for mesophase characterization are used. Hot-stage microscopy is
the simplest technique, allowing optical identification of the mesophase. A
thermal method of investigation is DSC, but the thermal part of this thesis
will be elaborately discussed in Chapter 3. The third technique, X-ray
diffraction, will be the main topic of this part of the chapter, since all types
of complexes which have been discussed in section 2.1 have been studied
by X-ray powder diffraction. This technique is a very powerful tool for
mesophase identification.
2.2.1 Nitrate compounds
2.2.1.1 Complexes containing ligands with one aromatic ring
Compounds 2 and 4 (see table 2.1) have been examined by means of X-ray
powder diffraction. The sample, which can be heated and cooled, is studied
at different temperatures, so the evolution of the layer spacing d can be
monitored. Furthermore, information about the crystallinity of the alkyl
chains can be obtained (less or more diffuse signal in the wide angle
region).
When the neodymium compound 4 is subjected to X-ray powder
diffraction at 25 °C, the diffraction pattern shown in figure 2.9 is observed.
The compound is present in a lamellar state. Only the first and second
order reflections can be seen from the diffractogram. At 25 °C, the d-
spacing of the layers is 32.0 Å, which is less than the all-trans length of the
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ligand (calculated to be 40 Å). This means that the alkyl chains of the
different molecules are interpenetrated.
Figure 2.9 X-ray diffraction pattern of compound 4 at 25 °C
The melting point of compound 4 is about 98 °C. The clearing point is
about 159 °C. When the compound is heated from the solid state towards
the mesophase, the d-spacing varies by no more than 0.5 Å. At the melting
point, however, a small jump is observed (d-spacing decreases with about 1
Å). When the d-spacing is monitored throughout the entire temperature
range of the mesophase, a general decrease is observed, as can be seen in
figure 2.10. The d-spacing is 29.2 Å at 140 °C and 28.7 Å at 155 °C, just
below the clearing point.
The general decrease of the layer spacing in the mesophase as a function of
temperature is the best proof for the presence of a SmA phase. One could
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argue that just looking at one diffractogram at one specific temperature
would not allow for the distinction between a SmA phase and a SmC
phase, but monitoring the layer spacing as a function of temperature
would. Heating a smectic C phase would increase the layer spacing, as
opposed to the observed decrease for a smectic A phase15.
Figure 2.10 Evolution of layer spacing with temperature for compound 4
These crystallographic data are confirmed by the observation of the typical
SmA texture in the microscope: bâtonnets growing from the isotropic
liquid, coalescing to a fan-shaped texture with characteristic dark
homeotropic regions.
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2.2.1.2 Complexes containing ligands with two aromatic rings
The low thermal stability of these compounds (see table 2.5, compounds 18
to 28) made it very difficult to obtain a good texture. Best textures are
always obtained upon cooling from the isotropic liquid16. Because of
decomposition of the complexes at the clearing point, no good quality
textures could be obtained. Therefore, high temperature X-ray powder
diffraction was used to identify the mesophases.
When compound 19 is heated to 110 °C, a temperature in the mesophase,
only one intense reflection is observed, corresponding to the (001)
reflection. The second order reflection is very weak, indicating a poor
lamellar ordering of the mesophase. The diffuse wide angle reflection
suggests a disordered smectic phase, so the presence of well-ordered
phases like SmB, SmI, SmF or even higher ordered crystal phases is very
unlikely. The layer spacing d decreases upon further heating the
mesophase, indicating that indeed a SmA phase is present.
2.2.2 Chloride compounds
The compound [(LH)3SmCl3] (compound 33, see table 2.6) has also been
investigated by high temperature X-ray diffraction. At room temperature,
the compound exists in a lamellar state with crystallized chains. The d-
spacing at 25 °C is 33.5 Å, which is less than the all-trans length of the
ligand (calculated to be 40 Å). This means that the complex molecules are
interpenetrated, as is often seen for this kind of compound. The value of d
varies by no more than 1.0 Å when heating the lamellar solid phase
towards the melting point. At the melting point however there is a sharp
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decrease of the lamellar layer spacing by more than 4 Å. At 190 °C, a
temperature close to the clearing point, the value of d is 29.0 Å. The identity
of the mesophase being SmA is confirmed by the fact that the layer spacing
decreases with increasing temperature in the mesophase, together with the
observation of the typical fan-shaped texture with homeotropic regions in
the microscope.
2.2.3 Dodecyl sulphate compounds
The identity of the mesophase of the dodecyl sulphate compounds
(compounds 58 to 72, see table 2.8) has also been investigated by high
temperature X-ray diffraction. Figure 2.11 shows the X-ray diffractogram of
[(LH)3Er(DOS)3] (compound 69) at room temperature. The compound
exists in a lamellar state with crystallized chains.
Figure 2.11 X-ray diffractogram of compound 69 at 25 °C
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The d-spacings of the Bragg reflections vary as 1:2:3, corresponding to the
(001) to (003) reflections. The bulky dodecyl sulphate groups, as well as the
alkyl and alkoxy chains of the ligands probably prevent the crystalline
material from obtaining a very high order of symmetry, thus showing no
higher than third order reflections in the diffractogram. The wide angle
region contains a diffuse reflection at about 4.5 Å originating from the in-
plane scattering of the alkyl chains. Figure 2.12 shows the diffractogram of
the same compound at 75 °C, a temperature above the melting point. In the
small angle region, only the first order reflection can be observed. The wide
angle reflection has become even more diffuse, indicating the melting of
the alkyl chains. At this temperature (75 °C), the compound exists in the
mesophase. The fact that still one reflection can be seen in the small angle
region indicates that the material still has a lamellar structure, which is
ofcourse less ordered than in the solid state (25 °C).
Figure 2.12 X-ray diffractogram of compound 69 at 75 °C
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The lamellar layer spacing d of compound [(LH)3Er(DOS)3] as a function of
temperature is shown in figure 2.13. At 25 °C the value of d is 42.8 Å, which
is slightly less than the length of the ligand in its all-trans conformation
(calculated to be 47 Å). The value of d varies by no more than 0.5 Å when
heating the lamellar solid phase towards the melting point. At the melting
point however there is a sharp decrease of the lamellar layer spacing by
almost 9 Å. At 75 °C the value of d is 31.5 Å. Considering the all-trans
length of the ligand, this d-value points out that the complex molecules are
interpenetrated in the mesophase. This is illustrated schematically in figure
2.14. The identity of the mesophase being SmA is confirmed by the fact that
the layer spacing decreases with increasing temperature in the mesophase,
together with the observation of the typical fan-shaped texture with
homeotropic regions in the microscope.
Figure 2.13 Evolution of layer spacing with temperature for compound 69
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A plot of the layer spacing d versus temperature of the analogous complex
[(LH)3Sm(DOS)3] shows a very similar image, suggesting the same
mesomorphic behaviour as the one observed for [(LH)3Er(DOS)3].
Figure 2.14 Schematic representation of mesophase structure, showing the layer
spacing d (for clarity, each third ligand, represented by the rectangular structures
bearing two alkyl chains, and each third DOS counterion, represented by the
circular structures bearing one chain, has been omitted)
d
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2.3 HIGHLIGHTS OF CHAPTER 2
? The structure of the liquid-crystalline lanthanide complexes derived
from ligands with one aromatic ring, with nitrate as the counterion, has
been determined. The overall stoichiometry corresponds to the general
formula [(LH)3Ln(NO3)3], where LH is the ligand in its zwitterionic
form and Ln is the trivalent lanthanide ion. Coordination to the
lanthanide occurs through the phenol oxygen only, while three
bidentate nitrate ions are present. The coordination number of the
lanthanide ion is therefore 9.
? The structure of the chloride compounds remains uncertain. However,
all but two compounds have stoichiometries [(LH)3LnCl3].
? The dodecyl sulphate (DOS) compounds are believed to be structural
analogues of the nitrate compounds. Evidence has been found for the
presence of zwitterionic ligands and the overall stoichiometry of the
complexes is [(LH)3Ln(DOS)3]⋅xH2O, with x = 0 or 2.
? All the lanthanide complexes that have been studied show a smectic A
mesophase, as has been confirmed by high temperature X-ray powder
diffraction measurements. The decrease of the layer spacing d with
increasing temperature in the mesophase indicates the presence of a
SmA phase.
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2.4 EXPERIMENTAL SECTION
A lot of the work described in this thesis could not have been done without
the aid of organic chemistry. Therefore, this section will give an overview
of the equipment, as well as the synthetic pathways that have been
followed to obtain the different ligands, lanthanide salts and lanthanide
complexes, together with the analysis results that assured us of their
purity.
2.4.1 Equipment
CHN microanalyses were done on a CE-Instrument EA-1110 elemental
analyser.
1H NMR measurements have been performed on either a Bruker WM-250
spectrometer (250 MHz), a Bruker Avance 300 spectrometer (300 MHz) or a
Bruker AMX-400 spectrometer (400 MHz) using CDCl3 as solvent and
tetramethylsilane (TMS) as internal standard.
For IR analysis, the samples were pressed to a pellet with KBr and
measured on a Bruker IFS 66 spectrometer.
Optical textures of the mesophases were observed with an Olympus BX60
polarizing microscope equipped with a Linkam THMS600 hot stage and a
Linkam TMS93 programmable temperature controller.
The X-ray analysis of the crystal structure of compounds 15, 16 and 17 was
done at 16 °C on a Siemens P4-PC diffractometer (Mo Kα radiation, λ =
0.7107 Å) using a crystal of size 0.10 × 0.10 × 0.40 mm3 (compound 15), 0.20
× 0.25 × 0.35 mm3 (compound 16) or 0.20 × 0.25 × 0.40 mm3 (compound 17).
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These crystals had been obtained by slow isothermal evaporation of a
solution of the complex in a hexane : dichloromethane (1:1) mixture.
X-ray powder diffraction measurements were done at the University of
Köln (Germany) on a STOE Transmission Powder Diffractometer System
STADI P, with a high temperature attachment version 0.65.1 (temperature
range from room temperature to 1000 °C). Cu Kα1 radiation (λ = 1.5406 Å)
was used.
2.4.2 Synthesis
2.4.2.1 Compounds with one aromatic ring
One type of ligand has been used to study different types of complexes.
This ligand with one aromatic ring is shown in figure 2.3. The synthetic
path towards this ligand is illustrated in scheme 2.1. In this chapter, three
variants of this ligand have been discussed. The first variant, which was
used to synthesize the nitrate complexes 1 to 14 and the chloride complexes
29 to 42, has an alkoxy chain length R = C8H17 and an amine alkyl chain
length R’ = C18H37. The second variant, which was used for the synthesis of
the dodecyl sulphate complexes 58 to 72 has R = C14H29 and R’ = C18H37.
One short chain variant, finally, which was used to make complexes 15 to
17, bears R = CH3 and R’ = C4H9. The synthetic procedure will be described
hereafter.
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Scheme 2.1 Synthetic pathway towards a Schiff base ligand
with one aromatic ring
Synthesis of ligand 2-[(octadecylimino)methyl]-5-(octyloxy)phenol
(R = C8H17, R’ = C18H37)
2-Hydroxy-4-octyloxybenzaldehyde was prepared by refluxing for 3 hours
2,4-dihydroxybenzaldehyde (50 mmol, 6.91 g) with 1-bromooctane (50
mmol, 9.66 g) in DMF, and with KHCO3 (50 mmol, 5.01 g) as the base. After
leaving to cool to room temperature, the reaction mixture was poured into
an aqueous HCl solution (6 N). The organic layer was separated and the
aqueous layer was extracted with diethyl ether. The combined organic
layers were dried on anhydrous MgSO4 and the solvent was removed
under reduced pressure. The crude aldehyde was purified on a silica
column with n-heptane : ethyl acetate (90:10) as the eluens. Yield: 73 %
(9.14 g). 1H NMR (400 MHz, CDCl3, δ ppm): 0.88 (t, 3H, CH3), 1.00-1.55 (m,
10H, CH2), 1.79 (m, 2H, CH2-CH2-O), 4.00 (t, 2H, CH2-O), 6.40 (d, 1H, Haryl),
6.52 (dd, 1H, Haryl), 7.41 (d, 1H, Haryl), 9.70 (s, 1H, CH=O). Jo = 8.5 Hz, Jm =
2.5 Hz.
HO
OH
O
RO
OH
O
RBr, KHCO3
DMF, reflux, 3h
R'NH2, abs. EtOH, HOAc
reflux, 3h
RO
OH
N R'
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The Schiff base ligand was prepared by refluxing 9.14 g (36.5 mmol) of 2-
hydroxy-4-octyloxybenzaldehyde with 9.84 g (36.5 mmol) of n-
octadecylamine in absolute ethanol for 3 hours, with a few drops of glacial
acetic acid as the catalyst. The crude product was crystallized several times
from hot absolute ethanol. Yield 79 % (14.5 g). 1H NMR (400 MHz, CDCl3, δ
ppm): 0.88 (t, 6H, CH3), 1.25-1.44 (m, 40H, CH2), 1.67 (m, 2H, N-CH2-CH2),
1.77 (m, 2H, CH2-CH2-O), 3.50 (t, 2H, N-CH2), 3.95 (t, 2H, CH2-O), 6.30 (dd,
1H, Haryl) 6.34 (d, 1H, Haryl), 7.04 (d, 1H, Haryl), 8.08 (s, 1H, CH=N), 14.08 (s,
1H, OH). Jo = 8.5 Hz, Jm = 2.5 Hz. Calculated for C33H59NO2 (MW 501.83): C
78.98 %, H 11.85 %, N 2.79 %. Found: C 79.15 %, H 11.77 %, N 2.69 %.
Synthesis of complex [(LH)3La(NO3)3]: compound 2
A solution of 0.87 g (2.00 mmol) of La(NO3)3⋅6H2O in absolute ethanol was
added dropwise to a stirred solution of 1.00 g (2.00 mmol) of the ligand in
absolute ethanol, at a temperature not higher than 50°C. After about 15
minutes, the solution turned cloudy, indicating that the product started to
precipitate. Stirring was continued for at least 3 hours. The pale yellow
precipitate was filtered on a crucible, washed with ice-cold absolute
ethanol and dried in vacuo. Yield 81 % (1.00 g). 1H NMR (250 MHz, CDCl3,
δ ppm): 0.88 (m, 6H, CH3), 1.10-1.40 (m, 40H, CH2), 1.62 (m, 4H, N-CH2-
CH2 and CH2-CH2-O), 3.46 (t, 2H, N-CH2), 3.64 (t, 2H, CH2-O), 6.15 (dd, 1H,
Haryl), 6.33 (d, 1H, Haryl), 6.90 (d, 1H, Haryl), 7.60 (d, 1H, CH=N), 12.2 (s, 1H,
OH). Jo = 8.5 Hz, Jm = 2.5 Hz. IR (KBr pellet, cm-1): 3200 (m, ν(OH)), 2920,
2860 (s, aliphatic C-H stretch), 1662 (s, ν(C=N)), 1530 (s, ν(C=C)), 1475 (s,
ν4(NO3)), 1283 (s, ν(CPh-O) and/or ν1(NO3)), 1230 (s, νas(C-O-C)), 1030 (s,
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νs(C-O-C)), 590 (m, ν(La-O)). Calculated for C99H177N6O15La (MW 1830.40):
C 64.96 %, H 9.75 %, N 4.59 %. Found: C 64.94 %, H 9.87 %, N 4.41 %.
The other rare-earth complexes with nitrate counterions were synthesized
in an analogous way. In the case of the chloride containing complexes, an
identical synthetic procedure was followed, but lanthanide chloride salts
(LnCl3⋅xH2O, with x = 6 or 7) were used instead of lanthanide nitrate salts.
Synthesis of ligand 2-[(octadecylimino)methyl]-5-(tetradecyloxy)phenol
(R = C14H29, R’ = C18H37)
2-Hydroxy-4-tetradecyloxybenzaldehyde was prepared by refluxing for 3
hours 2,4-dihydroxybenzaldehyde (20.7 g, 0.15 mol) with 1-bromo-
tetradecane (41.6 g, 0.15 mol) in DMF, and with KHCO3 (15.0 g, 0.15 mol) as
the base. After leaving to cool to room temperature, the reaction mixture
was poured into an aqueous HCl solution (6 N). The organic layer was
separated and the aqueous layer was extracted with diethyl ether. The
combined organic layers were dried on anhydrous MgSO4 and the solvent
was removed under reduced pressure. The crude aldehyde was purified by
crystallization from hot acetonitrile. Yield: 54 % (27.0 g). 1H NMR (250
MHz, CDCl3, δ ppm): 0.90 (t, 3H, CH3), 1.0-1.6 (m, 22H, CH2), 1.80 (m, 2H,
CH2-CH2-O), 4.00 (t, 2H, CH2-O), 6.40 (d, 1H, Haryl), 6.50 (dd, 1H, Haryl), 7.40
(d, 1H, Haryl), 9.70 (s, 1H, CH=O). Jo = 8.5 Hz, Jm = 2.5 Hz.
The Schiff base ligand was prepared by refluxing 16.7 g (50 mmol) of 2-
hydroxy-4-tetradecyloxybenzaldehyde with 13.5 g (50 mmol) of n-
octadecylamine in n-heptane for 3 hours, with a few drops of glacial acetic
acid as the catalyst. The crude product was crystallized several times from
hot n-heptane. Yield 40 % (11.6 g). 1H NMR (400 MHz, CDCl3, δ ppm): 0.88
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(t, 6H, CH3), 1.10-1.50 (m, 52H, CH2), 1.67 (m, 2H, N-CH2-CH2), 1.77 (m, 2H,
CH2-CH2-O), 3.50 (t, 2H, N-CH2), 3.95 (t, 2H, CH2-O), 6.32 (dd, 1H, Haryl),
6.36 (d, 1H, Haryl), 7.05 (d, 1H, Haryl,), 8.08 (s, 1H, CH=N), 14.1 (s, 1H, OH).
Jo = 8.5 Hz, Jm = 2.5 Hz. Calculated for C39H71NO2 (MW 585.99): C 79.94 %, H
12.21 %, N 2.39 %. Found: C 80.23 %, H 12.16 %, N 2.30 %.
Synthesis of neodymium tri(dodecyl sulphate) Nd(DOS)3
To a stirred aqueous solution (50 cm3) of sodium dodecyl sulphate NaDOS
(6 mmol, 1.73 g), a solution of NdCl3⋅6H2O (2 mmol, 0.72 g) in water (20
cm3) was added dropwise at room temperature. The solution was left to stir
for about 1h. Afterwards the pale lilac precipitate was filtered on a crucible,
washed thoroughly with water and dried in a vacuum oven at 40 °C during
the night. Yield 95% (1.83 g). Calculated for C36H75O12S3Nd⋅H2O (MW
958.42): C 45.11 %, H 8.10 %. Found: C 45.11 %, H 8.03 %. All the other
lanthanide dodecyl sulphate salts were prepared in a way analogous to the
synthesis of Nd(DOS)3. They all have the typical colour of the trivalent
lanthanide ion they contain17.
Synthesis of complex [(LH)3Nd(DOS)3]: compound 62
A solution of Nd(DOS)3⋅H2O (0.43 mmol, 0.40 g) in absolute ethanol was
added dropwise to a stirred absolute ethanolic solution of the ligand (0.43
mmol, 0.25 g) at 50 °C. After addition, the solution was left to stir
overnight. A yellow precipitate formed, which was filtered on a crucible,
washed with absolute ethanol and dried in vacuo. Yield 54% (0.21 g).
Calculated for C153H288N3O18S3Nd (MW 2698.37): C 68.10 %, H 10.76 %, N
1.56 %. Found: C 68.23 %, H 10.78 %, N 1.46 %. All the other lanthanide
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complexes [(LH)3Ln(DOS)3] were obtained via the same synthetic method
as [(LH)3Nd(DOS)3]. They are all yellow powders (colour of the Schiff base
ligand).
Synthesis of ligand 2-[(butylimino)methyl]-5-(methoxy)phenol
(R = CH3, R’ = C4H9)
The starting material 2-hydroxy-4-methoxybenzaldehyde was purchased
from ACROS and was used without further purification.
For the synthesis of the Schiff base ligand, to a solution of 2-hydroxy-4-
methoxybenzaldehyde (15.2 g, 0.10 mol) in 600 mL of toluene was added n-
butylamine (7.31 g, 0.10 mol) with a few drops of acetic acid as the catalyst.
The reaction was heated at reflux temperature for 3h. Water, which was
formed during the reaction, was removed in a Dean-Stark trap. After
cooling to room temperature, the solvent was evaporated under reduced
pressure and the crude ligand was recrystallized from dioxane. Yield: 47 %
(9.72 g). 1H NMR (250 MHz, CDCl3, δ ppm): 0.95 (t, 3H, butyl-CH3), 1.42
(m, 2H, N-CH2-CH2-CH2), 1.66 (m, 2H, N-CH2-CH2), 3.52 (t, 2H, N-CH2),
3.80 (s, 3H, methoxy-CH3), 6.32 (dd, 1H, Haryl), 6.38 (d, 1H, Haryl), 7.06 (d,
1H, Haryl), 8.09 (s, 1H, CH=N). Jo = 8.5 Hz, Jm = 2.5 Hz. Calculated for
C12H17NO2 (MW 207.27): C 69.54 %, H 8.27 %, N 6.76 %. Found: C 69.80 %,
H 8.40 %, N 6.68 %.
Synthesis of complex [(LH)3Nd(NO3)3]: compound 16
To a stirred solution of the Schiff base ligand 2-[(butylimino)methyl]-5-
(methoxy)phenol in absolute ethanol (1.00 g, 4.82 mmol) was added
dropwise an absolute ethanolic solution of Nd(NO3)3⋅6H2O (2.12 g, 4.82
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mmol) at 50 °C. Stirring was continued for 3h. After cooling to room
temperature, the reaction vessel was placed in a refrigerator to complete
precipitation. Afterwards, the precipitate was filtered on a crucible, washed
with ice-cold absolute ethanol, and dried in vacuo. Yield 86 % (1.31 g).
Calculated for C36H51N6O15Nd (MW 952.06): C 45.42 %, H 5.40 %, 8.83 %.
Found: C 45.75 %, H 5.42 %, N 8.62 %.
2.4.2.2 Compounds with two aromatic rings
The synthesis of the two-ring ligands is depicted in scheme 2.2. Different
chain lengths have been selected for R and R’. For an overview of the
ligands, see table 2.4. These ligands have been used to synthesize the
lanthanide complexes 18 to 28 (see table 2.5). The synthesis of the ligands
consists of a three-step reaction. The 4-alkoxybenzoic acids were obtained
by reaction between ethyl-4-hydroxybenzoate and the corresponding 1-
bromoalkane in 2-butanone, with K2CO3 as the base and KI as the catalyst,
followed by saponification of the ester and workup in acidic solution.
Alternatively we used a method described by Berdagué et al.: direct
alkylation of 4-hydroxybenzoic acid in PEG-200 (polyethylene glycol with
average molecular weight 200) as the solvent18. 4-Hydroxybenzoic acid is
deprotonated with two equivalents of KOH. Addition of one equivalent of
a 1-bromoalkane results in selective ether formation, instead of
esterification. Although the method of Berdagué et al. is much faster than
the classical Williamson etherification, a disadvantage is that it is difficult
to remove the PEG-200 solvent after the reaction. The 4-(4’-
alkyloxy)benzoyloxy-2-hydroxybenzaldehydes were synthesized by
esterification of the corresponding 4-alkoxybenzoic acid and 2,4-
dihydroxybenzaldehyde, with DCC and DMAP in dichloromethane19. The
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Schiff base ligands were obtained by condensing the aldehydes with a
primary amine in toluene, with removal of water via a Dean-Stark trap.
The purity of the ligands was checked by 1H NMR and by CHN elemental
analysis. The rare-earth complexes were prepared by reaction of the Schiff
base ligand with an excess of hydrated rare-earth nitrate in absolute
ethanol.
Scheme 2.2 Synthetic pathway towards a Schiff base ligand
with two aromatic rings
Synthesis of ligand 4-[(dodecylimino)methyl]-3-hydroxyphenyl-4-hexyl-
benzoate (L1H; R = C6H12, R’ = C12H25)
To a solution of 4-(4’-hexyloxy)benzoyloxy-2-hydroxybenzaldehyde (8
mmol, 2.75 g) in toluene (400 mL) was added n-dodecylamine (8 mmol,
1.49 g) and 5 drops of acetic acid. The solution was heated at reflux for 3
hours, and the water evolved during the reaction was collected by a Dean-
Stark trap. After leaving the solution to cool to room temperature, the
solvent was removed under reduced pressure. The crude Schiff base was
HO
O
OC2H5
RBr, K2CO3, KI
2-butanone, reflux, 48h
RO
O
OC2H5
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recrystallized from absolute ethanol. Yield: 72 % (2.94 g). 1H NMR (250
MHz, CDCl3, δ ppm): 0.91 (m, 6H, CH3), 1.1-1.5 (m, 24H, CH2), 1.66 (m, 2H,
N-CH2-CH2), 1.80 (m, 2H, CH2-CH2-O), 3.57 (t, 2H, N-CH2), 4.06 (t, 2H,
CH2-O), 6.70 (dd, 1H, Haryl, Jo = 8.5 Hz, Jm = 2.0 Hz), 6.78 (d, 1H, Haryl, Jm =
2.0 Hz), 6.95 (dd, 2H, Haryl, J = 9 Hz), 7.25 (d, 1H, Haryl, Jo = 8.5 Hz; overlap
with CHCl3 peak), 8.10 (dd, 2H, Haryl, J = 9 Hz), 8.30 (s, 1H, CH=N), 14.0 (s
(broad), 1H, OH). IR (KBr pellet, cm-1): 1718 (s, ν(C=O)), 1604 (s, ν(C=N)),
1284 (m, ν(CPh-OH)), 1255 (s, νas(C-O-Ph)), 1072 (m, νs(C-O-Ph)). Calculated
for C32H47NO4 (MW 509.72): C 75.40 %, H 9.29 %, N 2.75 %. Found: C 75.25
%, H 9.29 %, N 2.63 %.
Synthesis of complex [(L1H)3La(NO3)3]: compound 18
To a stirred solution of L1H (0.49 mmol, 250 mg; see table 2.4) in absolute
ethanol at 50 °C was added an excess of La(NO3)3⋅6H2O (0.49 mmol, 220
mg). The solution was stirred during 3 hours at 50 °C, and the complex
precipitated. After leaving to cool the mixture to room temperature, the
complex was collected on a fritted-glass funnel, washed with cold absolute
ethanol and dried in vacuo. The complex was obtained as a light yellow
powder. Yield: 15 % (45 mg). 1H NMR (250 MHz, CDCl3, δ ppm): 0.88 (m,
18H, CH3), 1.1-1.5 (m, 72H, CH2), 1.78 (m, 6H, N-CH2-CH2), 1.81 (m, 6H,
CH2-CH2-O), 3.55 (t, 6H, N-CH2), 4.01 (t, 6H, CH2-O), 6.40 (dd, 3H, Haryl, Jo
= 8.5 Hz, Jm = 2.0 Hz), 6.65 (d, 3H, Haryl, Jm = 2.0 Hz), 6.92 (dd, 6H, Haryl, J =
9 Hz), 7.03 (d, 3H, Haryl, Jo = 8.5 Hz), 7.89 (d (broad), 3H, CH=N), 8.01 (dd,
6H, Haryl, J = 9 Hz), 12.80 (s (broad), 3H, OH). IR (KBr pellet, cm-1): 1730 (s,
ν(C=O)), 1606 (s, ν(C=N)), 1479 (s, ν4(NO3)), 1319 (m, ν(CPh-OH)), 1255 (s,
νas(C-O-Ph)), 1063 (m, νs(C-O-Ph)), 1028 (s, ν(NO3)), 764 (m, ν(NO3)).
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Calculated for C96H141N6O21La (MW 1854.08): C 62.19 %, H 7.67 %, N 4.53 %.
Found: C 62.26 %, H 7.68 %; N 4.15 %. The other lanthanide complexes
were prepared in a similar way.
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Chapter 3
Thermal properties
3.1 INFLUENCE OF THE LANTHANIDE ION
3.1.1 Nitrate compounds
3.1.1.1 Complexes containing ligands with one aromatic ring
As has already been stated in Chapter 2, three homologous series of
lanthanide containing liquid crystals have been synthesized1-4. The first
series consists of the nitrate compounds 1 to 14 (see table 2.1, Chapter 2).
The ligand 2-[(octadecylimino)methyl]-5-(octyloxy)phenol itself does not
show mesomorphism, melting directly to the isotropic phase at 50 °C.
When complexes are formed with the trivalent lanthanide ions, all of them
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are liquid crystals, showing SmA phases, as has been discussed in Chapter
2. Table 3.1 gives an overview of the homologous series of nitrate
containing liquid crystals that have been synthesized. All compounds are
enantiotropic liquid crystals: they show mesomorphism upon heating as
well as upon cooling the sample, although the mesophase range is very
narrow at the end of the lanthanide series. As a matter of fact, the
mesophase stability (that’s the width of the mesophase range) decreases
gradually when going from the lanthanum compound towards the
lutetium compound. It is said that the mesophase range decreases with
decreasing ionic radius1,5. This is shown graphically in figure 3.1.
Figure 3.1 Influence of the lanthanide ion on the thermal behaviour of
[(LH)3Ln(NO3)3] complexes
The fact that a correlation between the ionic radius and the mesomorphic
behaviour indeed exists is shown when the transition temperatures of the
yttrium complex are compared with those of the holmium complex (see
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table 3.1). The ionic radii of trivalent yttrium and holmium are nearly
identical. In fact, the mesophase range for the heaviest lanthanide
compounds is so narrow, that heating rates of 1 °C min-1 had to be used to
resolve both melting and clearing peaks in the DSC curves. At the normal
heating rate of 10 °C min-1, only a broad shoulder could be distinguished.
The importance of the complementarity of hot-stage microscopy was
shown in the fact that upon heating the sample in the microscope,
mesophase formation was clearly enantiotropic. Figure 3.2 shows two DSC
traces: one for a complex of a lanthanide from the beginning of the
lanthanide series (Pr, compound 3) and the other for a heavier lanthanide
ion (so having a smaller ionic radius: Er, compound 11). These DSC traces
are taken from the second heating run. The effect of the lanthanide
contraction is easily seen.
Figure 3.2 DSC thermograms of compounds 3 (lower trace) and 11 (upper trace)
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Table 3.1 Thermal behaviour of the series [(LH)3Ln(NO3)3]
Ln Transition Temperature (°C) ΔH (kJ mol-1)
1 Y
Cr → SmA
SmA → I
132
141
22.7
11.0
2 La
Cr → SmA
SmA → I
83
165
2.5
11.8
3 Pr
Cr → SmA
SmA → I
90
163
8.7
13.2
4 Nd
Cr → SmA
SmA → I
98
159
12.4
11.8
5 Sm
Cr → SmA
SmA → I
105
154
12.4
12.4
6 Eu
Cr → SmA
SmA → I
108
151
15.5
13.3
7 Gd
Cr → SmA
SmA → I
121
150
16.9
12.7
8 Tb
Cr → SmA
SmA → I
128
148
17.6
10.6
9 Dy
Cr → SmA
SmA → I
131
146
21.4
11.8
10 Ho
Cr → SmA
SmA → I
134
144
22.2
10.8
11 Er*
Cr → SmA
SmA → I
135
142
⎯
⎯
12 Tm*
Cr → SmA
SmA → I
139
142
⎯
⎯
13 Yb*
Cr → SmA
SmA → I
138
141
⎯
⎯
14 Lu*
Cr → SmA
SmA → I
135
139
⎯
⎯
* Because of overlapping peaks, no transition enthalpies could be determined for
compounds 11 to 14.
The higher charge density (+3 charge for each lanthanide ion, but La3+
being larger than Lu3+) for the smaller lanthanide ions is thought to cause
the interactions between the molecules to be stronger and therefore the
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melting point to be higher towards the end of the lanthanide series. It is
assumed, on the other hand, that the reduction of the ionic radius towards
the end of the lanthanide series causes steric problems in the mesophase.
The structural distortions that result from this effect probably lead to a less
anisotropic molecular structure of the complex, therefore reducing the
clearing point towards the end of the lanthanide series.
The influence of the lanthanide ion upon the transition temperatures can
also be illustrated for another series of compounds. Three different variants
of the Schiff base ligand, depicted in figure 2.3, have been synthesized to
prepare some liquid-crystalline lanthanide complexes with nitrate
counterions6. While R = C14H29 for all three ligands, different amine chain
lengths were used: R’ = C8H17, C12H25 and C18H37, respectively.
In table 3.2, a summary is given of the complexes that have been made. The
stoichiometry of the complexes is in agreement with the stoichiometry that
was discussed in Chapter 2, for the complexes with ligands containing one
aromatic ring and nitrate as the counterion: [(LH)3Ln(NO3)3]. The elemental
analysis results, which are in agreement with this stoichiometry, can be
found in the experimental section at the end of this chapter.
The thermal behaviour of complexes 73 to 81 is illustrated in table 3.3. Since
for all three ligands, complexes have been made with Nd, Gd and Ho, the
influence of the lanthanide ionic radius can be monitored in complexes
with different chain lengths. When going from the neodymium compound
towards the holmium compound for one specific chain length, a gradual
decrease of the mesophase range is indeed observed, which is in agreement
with the findings for the homologous series 1 to 14. The melting points
increase, while the clearing points decrease.
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Table 3.2 Overview and yields of complexes [(LH)3Ln(NO3)3] (ligand
LH of figure 2.3, R = C14H29)
Ln R’ yield (%)
73 Nd C8H17 57
74 Gd C8H17 56
75 Ho C8H17 62
76 Nd C12H25 71
77 Gd C12H25 74
78 Ho C12H25 63
79 Nd C18H37 96
80 Gd C18H37 91
81 Ho C18H37 92
It has to be mentioned that this decrease of the mesophase stability can lead
to a total disappearance of the mesophase upon heating the complex. This
is illustrated for compound 75, which shows no mesomorphism upon
heating: the complex melts directly towards the isotropic liquid at 143 °C.
On cooling from the isotropic liquid, however, a SmA phase is formed at
133 °C. This is an illustration of a monotropic liquid crystal: the mesophase
can only be seen upon cooling from the isotropic liquid.
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Table 3.3 Thermal behaviour of compounds 73 to 81
Ln Transition Temperature (°C) ΔH (kJ mol-1)
73 Nd
Cr → SmA
SmA → I
116
158
15.6
10.9
74 Gd
Cr → SmA
SmA → I
125
143
21.4
10.2
75 Ho*
Cr → I
I → SmA
143
133
42.7
9.6
76 Nd
Cr → SmA
SmA → I
106
160
19.0
12.2
77 Gd
Cr → SmA
SmA → I
130
150
23.0
12.5
78 Ho
Cr → SmA
SmA → I
138
144
33.3
9.9
79 Nd
Cr → SmA
SmA → I
102
155
14.7
10.6
80 Gd
Cr → SmA
SmA → I
115
145
25.6
10.6
81 Ho
Cr → SmA
SmA → I
132
141
30.9
11.9
* Compound 75 is a monotropic liquid crystal: it shows a mesophase upon cooling from the
isotropic liquid only.
3.1.1.2 Complexes containing ligands with two aromatic rings
When nitrate compounds are synthesized using the Schiff base ligands
containing two aromatic rings, complexes with different stoichiometries are
obtained, as was already mentioned in Chapter 2. As opposed to the
ligands bearing only one aromatic ring, the ligands with two aromatic rings
are liquid crystalline themselves7. The thermal behaviour of the ligands is
summarized in table 3.4. Depending on the chain length of the ligand
molecules, SmC phases and/or N phases are observed. Short chain lengths
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favour the formation of a nematic phase, while smectic phases are more
common for long chain length compounds. Both phases appear for the
intermediate chain lengths.
Table 3.4 Mesomorphic behaviour of the two-ring Schiff base ligands
(see table 2.4 for details)
Ligand Transition temperatures (°C)
L1H CrI⋅42⋅CrII⋅66⋅N⋅75⋅I
L2H Cr⋅65⋅SmC⋅77⋅N⋅80⋅I
L3H Cr⋅73⋅SmC⋅82⋅I
L4H CrI⋅53⋅CrII⋅[SmC⋅57]⋅68⋅N⋅73⋅I
L5H CrI⋅56⋅CrII⋅69⋅SmC⋅73⋅N⋅77⋅I
L6H CrI⋅59⋅CrII⋅70⋅SmC⋅79⋅I
L7H CrI⋅63⋅CrII⋅66⋅CrIII⋅76⋅SmC⋅83⋅I
The mesophase behaviour of the ligands changes drastically by complex
formation with rare-earth ions. In comparison with their parent ligands, the
metallomesogens have a mesophase with a very high viscosity. The
viscosity is much higher than in the case of complexes of Schiff base
ligands with one aromatic ring. The identity of the mesophase is altered as
well: all complexes show a SmA phase. The thermal behaviour of the
complexes is summarized in table 3.5. Because only three lanthanide ions
have been selected for complex formation, no general statements can be
made regarding the influence of the lanthanide contraction upon the
mesomorphic behaviour of the complexes. Although, when compounds 18
and 19, which both correspond to the stoichiometry [(LH)3Ln(NO3)3], are
investigated, it is seen that the complex with the smallest lanthanide ion
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(compound 19, Tb) has the narrowest mesophase range. Compound 18,
derived from the La-ion, has both a lower melting point and a higher
clearing point, as can be seen in table 3.5.
Table 3.5 Thermal behaviour of lanthanide complexes derived from the
ligands in table 3.4.
       Complex Transition temperatures (°C)
18 [(L1H)3La(NO3)3] Cr⋅70⋅SmA⋅184⋅dec.
19 [(L1H)3Tb(NO3)3] Cr⋅75⋅SmA⋅172⋅dec.
20 [L2(L2H)2La(NO3)2] Cr⋅87⋅SmA⋅178⋅dec.
21 [L3(L3H)2La(NO3)2] Cr⋅87⋅SmA⋅187⋅dec.
22 [(L3H)3Nd(NO3)3] Cr⋅96⋅SmA⋅164⋅dec.
23 [(L4H)3La(NO3)3] Cr⋅71⋅SmA⋅192⋅I (dec.)
24 [(L5H)3La(NO3)3] Cr⋅66⋅SmA⋅199⋅I (dec.)
25 [L6(L6H)2La(NO3)2] Cr⋅70⋅SmA⋅177⋅dec.
26 [L6(L6H)2Nd(NO3)2] Cr⋅74⋅SmA⋅173⋅dec.
27 [L7(L7H)2La(NO3)2] Cr⋅88⋅SmA⋅169⋅dec.
28 [L7(L7H)2Nd(NO3)2] Cr⋅85⋅SmA⋅170⋅dec.
All complexes show rather low melting points (some even lower than 70
°C), but the stability of the SmA phase can be higher than 100 °C. However,
upon heating towards the clearing point, most complexes decompose
without clearing, between 170 and 200 °C, whereas thermogravimetric
analysis of the ligands shows no decomposition below 220 °C, which is
nearly 150 °C above their clearing points. The DSC trace of compound 24 is
shown in figure 3.3. This is one of the very few compounds for which the
clearing point could be observed.
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Figure 3.3 DSC thermogram of compound 24 (single heating run)
The dependence of the transition temperatures on the rare-earth ion is
much less pronounced than in the case of the one-ring compounds. On the
other hand, the stoichiometry of the lanthanide complexes influences the
transition temperatures. Whereas compounds [L7(L7H)2La(NO3)2] and
[L7(L7H)2Nd(NO3)2] have nearly the same transition temperatures, a
significant difference is found for complexes [L3(L3H)2La(NO3)2] and
[(L3H)3Nd(NO3)3]. While the chain length has a pronounced effect on the
mesomorphism of the ligands, this is no longer the case for the lanthanide
complexes.
The lanthanide ions have a very strong tendency to induce and to stabilize
smectic A phases. Therefore, up till now, this type of mesophase has been
found for most lanthanide containing calamitic liquid crystals2,5-24.
25 50 75 100 125 150 175 200 225 250
0
2
4
6
I (dec.)SmA
Cr
 
 
E
nd
ot
he
rm
al
 h
ea
t f
lo
w
 / 
m
W
Temperature / °C
Thermal properties
85
3.1.2 Chloride compounds
The second homologous series of compounds that have been synthesized
contains chloride counterions3. As has already been discussed in Chapter 2,
for all but two compounds, the stoichiometry of these complexes is
analogous to that of the one-ring nitrate compounds: [(LH)3LnCl3].
The thermal behaviour of these compounds (29 to 42) is depicted in table
3.6. While the lanthanide ionic radius had a pronounced effect on the
transition temperatures of the nitrate compounds 1 to 14, this is no longer
the case for these chloride containing complexes. As can be seen in figure
3.4, the melting and clearing temperatures remain rather constant and no
trend can be found. The lanthanum and neodymium compounds 30 and 32
are not included in figure 3.4, because it would not be wise to compare the
transition temperatures of compounds with (presumably) different
stoichiometries.
Figure 3.4 Influence of the lanthanide ion on the thermal behaviour of
[(LH)3LnCl3] complexes
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Figure 3.5 shows a DSC trace of the Pr-compound 31 (second heating and
cooling run), which shows the melting and clearing peaks. It has to be
mentioned that the transition temperatures of these chloride containing
liquid crystals are higher than those of their nitrate analogues. Although
these transition temperatures are rather high, the compounds do not
decompose at temperatures several tens of degrees above the clearing
point, not even if these temperatures are maintained for several hours. The
thermal stability of all the complexes that have been made from the ligand
with one aromatic ring, depicted in figure 2.3, is far superior to that of the
compounds that were derived from the ligands with two aromatic rings.
Figure 3.5 DSC thermogram of compound 31 (second heating and cooling run,
endothermic peaks are pointing upwards)
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Table 3.6 Thermal behaviour of the series [(LH)3LnCl3]
Ln Transition Temperature (°C) ΔH (kJ mol-1)
29 Y
Cr → SmA
SmA → I
175
192
41.1
11.4
31 Pr
Cr → SmA
SmA → I
158
187
35.0
12.9
33 Sm
Cr → SmA
SmA → I
168
191
42.0
13.2
34 Eu
Cr → SmA
SmA → I
170
193
41.4
12.8
35 Gd
Cr → SmA
SmA → I
171
194
43.4
13.5
36 Tb
Cr → SmA
SmA → I
169
191
41.8
13.0
37 Dy
Cr → SmA
SmA → I
174
192
42.3
12.5
38 Ho
Cr → SmA
SmA → I
174
191
42.2
13.2
39 Er
Cr → SmA
SmA → I
174
188
41.7
12.0
40 Tm
Cr → SmA
SmA → I
174
190
44.9
12.6
41 Yb
Cr → SmA
SmA → I
176
193
45.4
12.7
42 Lu
Cr → SmA
SmA → I
175
190
46.6
11.8
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3.1.3 Dodecyl sulphate compounds
The third complete series of lanthanide containing metallomesogens that
have been prepared contain dodecyl sulphate as the counterion4. The
thermal data for this series of compounds (58 to 72) are given in table 3.7.
Here, it showed to be possible to prepare the cerium compound, whereas
problems occurred when this was tried for the nitrate and chloride series. It
was shown later, however, that it is possible to prepare cerium complexes
with nitrate as the counterion, when a large amount of solvent and ambient
temperatures are used. The stoichiometry of the dodecyl sulphate
compounds has already been stated to be [(LH)3Ln(DOS)3]⋅xH2O, x being 0
or 2.
Figure 3.6 DSC thermogram of compound 69 (second heating and cooling run,
endothermic peaks are pointing upwards)
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Table 3.7 Thermal behaviour of the series [(LH)3Ln(DOS)3]⋅xH2O
Ln Transition Temperature (°C) ΔH (kJ mol-1)
58 Y
Cr → SmA
SmA → I
61.0
86.0
85.4
6.1
59 La
Cr → SmA
SmA → I
67.3
79.9
88.8
7.0
60 Ce
Cr → SmA
SmA → I
66.4
80.2
89.6
6.6
61 Pr
Cr → SmA
SmA → I
65.7
80.0
87.0
6.2
62 Nd
Cr → SmA
SmA → I
65.1
78.8
87.9
6.3
63 Sm
Cr → SmA
SmA → I
62.4
78.0
85.4
5.8
64 Eu
Cr → SmA
SmA → I
62.2
78.4
88.6
5.9
65 Gd
Cr → SmA
SmA → I
61.3
77.7
84.0
5.7
66 Tb
Cr → SmA
SmA → I
61.3
80.3
84.9
5.7
67 Dy
Cr → SmA
SmA → I
61.1
82.2
88.3
5.9
68 Ho
Cr → SmA
SmA → I
61.5
83.5
84.2
5.8
69 Er
Cr → SmA
SmA → I
60.6
84.8
83.0
6.2
70 Tm
Cr → SmA
SmA → I
60.1
86.1
79.3
6.1
71 Yb
Cr → SmA
SmA → I
59.7
87.4
76.2
6.3
72 Lu
Cr → SmA
SmA → I
59.3
85.8
74.9
6.1
As can be seen from table 3.7, all compounds show an enantiotropic SmA
phase, with a range of 13-27 °C and melting points decreasing slightly from
Chapter 3
90
67 °C (La-compound) to 59 °C (Lu-compound). The DSC trace of a typical
compound [(LH)3Er(DOS)3] 69 (figure 3.6) shows two transitions: the
melting point at 60.6 °C (ΔH = 83.0 kJ mol-1) and the clearing point at 84.8
°C (ΔH = 6.2 kJ mol-1). The transitions are very sharp and well defined,
indicating that all parts of the compound (alkyl chains and core) melt at the
same temperature.
The mesophase range increases when going from the La-compound to the
Lu-compound, as can be seen from figure 3.7. This behaviour is opposed to
that of similar nitrate complexes (DOS anion replaced by nitrate), which
was pointed out earlier to show the opposite trend: the mesophase stability
there decreases when going from La to Lu, so with decreasing ionic radius.
Figure 3.7 Influence of the lanthanide ion on the thermal behaviour of
[(LH)3Ln(DOS)3] complexes
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It was assumed that a higher charge density (+3 charge for each lanthanide
ion, but La3+ being larger than Lu3+) for the smaller lanthanide ions caused
the interactions between the molecules to be stronger and therefore the
melting point to be higher towards the end of the lanthanide series. In the
case of the DOS complexes this higher charge density obviously can’t be
the main effect, because here the melting points slightly decrease towards
the end of the lanthanide series. The reason for this opposite behaviour has
to be the difference in size between the small nitrate ions and the bulky
dodecyl sulphate ions. It seems to be easier to gather three ligands and
three large counterions around a large lanthanide ion like lanthanum (ionic
radius r of the trivalent ion = 1.18 Å) than it is to fit the same ligands and
counterions around a small ion like lutetium (r = 0.97 Å). It is more difficult
to explain the behaviour of the clearing point.
3.2 INFLUENCE OF THE COUNTERION
When the different homologous series of lanthanide complexes from
section 3.1 are observed, not only the effect of the lanthanide ion can be
considered, but also the effect of the counterion is obvious. As has already
been mentioned, the transition temperatures of the chloride compounds are
higher than those of the nitrate compounds. On the other hand, the
temperatures of the dodecyl sulphate complexes are much lower than both
the transition temperatures of the nitrate and chloride complexes.
The influence of the counterion is illustrated in figure 3.8. The alkoxy chain
length of the ligand used to synthesize the dodecyl sulphate compound is
slightly longer (C14H29) than that of the chloride and nitrate compounds
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(C8H17), but it will be shown further that for this kind of compounds the
influence of the chain length is negligible in comparison to the effect of the
counterion. Temperatures are taken from compounds 5, 33 and 63, i.e. the
Sm-compounds with nitrate, chloride and dodecyl sulphate counterions,
respectively.
Figure 3.8 Influence of the counterion on the thermal behaviour of
[(LH)3SmX3] complexes
When compounds have to be selected for application purposes, reduced
transition temperatures can be an advantage. Therefore, attempts have
been made in metallomesogen research to obtain liquid-crystalline metal
complexes with low transition temperatures. The substitution of chloride
counterions for dodecyl sulphate counterions has been shown to drastically
lower the transition temperatures, as is again illustrated in figure 3.8.
The reason for the high transition temperatures shown by the chloride
compounds is probably the more ionic nature of these compounds in
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comparison with the nitrate complexes, which have a more covalent
character. The higher ionicity of the chloride complexes causes a stronger
interaction between the molecules, hence increasing the transition
temperatures.
As for the dodecyl sulphate counterion, the reason for the fairly low
transition temperatures has to be the size of the dodecyl sulphate ion. With
its bulky appearance, it will easily distort the mesophase structure and thus
lower the transition temperatures.
3.3 INFLUENCE OF THE CHAIN LENGTH
To investigate the influence of the alkoxy chain length upon the transition
temperatures of the nitrate complexes derived from the ligand depicted in
figure 2.3, a rather elaborate series of lanthanide complexes was
synthesized2, in which the alkoxy chain length R of the ligand (see figure
2.3) was varied from the shortest CH3 to as long as C20H41. The amine chain
length R’ was kept constant at C18H37 throughout the series. Neodymium
was selected to form complexes with the chosen ligand. A complete
overview of this series is given in table 3.8.
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Table 3.8 Thermal properties of nitrate compounds with different
alkoxy chain lengths
R Transition Temperature (°C) ΔH (kJ mol-1)
82 CH3
Cr → SmA
SmA → I
119
127
37.9
3.8
83 C2H5
Cr → SmA
SmA → I
132
147
21.9
7.3
84 C3H7
Cr → SmA
SmA → I
112
149
15.6
8.9
85 C4H9
Cr → SmA
SmA → I
119
158
14.0
10.4
86 C5H11
Cr → SmA
SmA → I
115
155
15.7
10.9
87 C6H13
Cr → SmA
SmA → I
110
156
13.7
11.5
88 C7H15
Cr → SmA
SmA → I
104
155
13.7
11.3
4 C8H17
Cr → SmA
SmA → I
98
159
12.4
11.8
89 C9H19
Cr → SmA
SmA → I
100
158
15.4
11.4
90 C10H21
Cr → SmA
SmA → I
101
158
16.8
11.0
91 C11H23
Cr → SmA
SmA → I
103
157
16.9
10.8
92 C12H25
Cr → SmA
SmA → I
100
158
15.5
11.7
93 C13H27
Cr → SmA
SmA → I
100
158
11.0
11.7
79 C14H29
Cr → SmA
SmA → I
102
155
14.7
10.6
94 C15H31
Cr → SmA
SmA → I
103
154
15.3
10.8
95 C16H33
Cr → SmA
SmA → I
103
152
16.4
10.7
96 C17H35
Cr → SmA
SmA → I
104
150
19.0
10.4
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Table 3.8 Thermal properties of nitrate compounds with different
alkoxy chain lengths (continued)
R Transition Temperature (°C) ΔH (kJ mol-1)
97 C18H37
Cr → SmA
SmA → I
101
150
15.1
10.1
98 C19H39
Cr → SmA
SmA → I
101
146
19.7
10.3
99 C20H41
Cr → SmA
SmA → I
100
144
19.6
10.1
All the complexes were found to be liquid crystals, even the complexes
with the shortest chain lengths. As is depicted in figure 3.9, however, the
alkoxy chain length of the ligand has less influence on the transition
temperatures than the rare-earth ion has.
Figure 3.9 Influence of the alkoxy chain length on the thermal behaviour of
[(LH)3Nd(NO3)3] complexes
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The transition temperatures of the neodymium complexes, derived from
the different ligands are rather constant for the different alkoxy chain
lengths; for the shortest alkoxy chain lengths a smooth variation is absent.
The octadecyl chain on the imine nitrogen provides enough structural
anisotropy to the complexes (i.e. a high length/width ratio), so that the
complexes behave as calamitic mesogens and are able to form a smectic A
phase.
The thermal stability of the metal complexes was studied by
thermogravimetry. All the samples which were examined, indicate a high
thermal stability of the complexes: composition only starts above 300 °C
(more than 100 °C above the clearing point).
3.4 INFLUENCE OF LIGAND SUBSTITUTION
So far, only complexes have been discussed, which had been derived from
Schiff base ligands in which the alkoxy chain was placed in the 4-position
of the aromatic ring (ligand with one aromatic ring, depicted in figure 2.3).
The reason for this is mainly that the starting material for the synthesis of
the 4-substituted benzaldehyde, 2,4-dihydroxybenzaldehyde, is relatively
cheap and easily available. A second reason is the fact that 4-substitution
provides the most linear structure for the ligands, enhancing the
anisotropic properties of the complexes and thus the liquid-crystalline
behaviour. It was considered interesting, however, to investigate the effect
of placing the alkoxy chain in a different position. The only reasonably
easily accessible alternative was 5-substitution. When the alkoxy chain is
put in the 5-position of the aromatic ring, a ligand with a less anisotropic
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structure is obtained: the width of the molecule increases and so the
length/width ratio decreases, leaving less anisotropy. For clarity, the 5-
substituted ligand is shown in figure 3.10.
Figure 3.10 Schiff base bearing the alkoxy chain in the 5-position
To be able to make a decent comparison between both 4- and 5-substituted
compounds, the alkoxy chain length R is taken to be C8H17 and the amine
alkyl chain length R’ = C18H37. When again neodymium is taken to be the
central lanthanide ion and nitrate is selected to be the counterion, the
obtained complex no longer shows mesomorphism, but melts directly to
the isotropic liquid at 133 °C.
An alternative ligand that has been used to make a neodymium nitrate
complex was derived from salicyl aldehyde. That means the alkoxy chain R
was omitted, or else, has chain length zero. When again the thermal
behaviour is considered, no liquid crystallinity is observed. The ligand, for
which R’ was kept at C18H37, is shown in figure 3.11.
Figure 3.11 Schiff base ligand with no alkoxy chain
RO
OH
N R'
OH
N R'
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Figure 3.12 shows a bar graph of the three compounds that have been
compared. Table 3.9 summarizes the most important features of the three
complexes that are compared in figure  3.12.
Table 3.9 Complexes, studied to investigate ligand substitution (see
figures 2.3, 3.10 and 3.11 for ligand structures)
R R’ Position of R Transition
Temperatures
(°C)
C8H17 C18H37 4-position
Cr → SmA
   SmA → I
98
159
C8H17 C18H37 5-position Cr → I 133
⎯ C18H37 no chain Cr → I 96
Figure 3.12 Influence of ligand substitution on the thermal behaviour of
[(LH)3Nd(NO3)3] complexes
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The importance of ligand substitution is clearly shown. When the ligand
bearing no alkoxy chain is structurally compared with the shortest ligand
used in the investigation of the chain length (section 3.3), the only
difference is the methoxy group in the 4-position of the latter ligand. It is
obvious that this minute structural difference has vast thermal
consequences for the lanthanide complexes that are derived from these
ligands.
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3.5 HIGHLIGHTS OF CHAPTER 3
? The mesomorphic behaviour of the lanthanide complexes with
stoichiometry [(LH)3Ln(NO3)3], where LH is the ligand depicted in
figure 2.3, with R = C8H17 and R’ = C18H37, is greatly influenced by the
central lanthanide ion Ln. A decrease of the mesophase stability is
observed with decreasing ionic radius (i.e. when going from La3+
towards Lu3+).
? The influence of the lanthanide ionic radius upon the thermal
behaviour of the complexes with chloride counterions is much less
pronounced than in the case of the nitrate compounds.
? The dodecyl sulphate compounds show intermediate behaviour: the
melting and clearing points are dependent on the lanthanide ion, but
no obvious trend can be observed. The mesophase range increases
somewhat towards the end of the lanthanide series.
? Changing the counterion in complexes [(LH)3SmX3] from nitrate into
chloride or dodecyl sulphate (DOS) significantly influences the
transition temperatures: DOS compounds show the lowest transition
temperatures, while chloride compounds have the highest transition
temperatures (nearly 100 °C higher than DOS compounds). Nitrate
compounds show intermediate behaviour.
? When the alkoxy chain length R of the ligand LH is varied between
CH3 and C20H41 in complexes with stoichiometry [(LH)3Nd(NO3)3], no
pronounced effect on the thermal behaviour can be found, unless for
very short chain lengths.
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? The liquid-crystalline properties of the complexes [(LH)3Nd(NO3)3]
depend completely on the substitution pattern of the ligand LH.
Changing the position of the alkoxy chain from the 4 to the 5 position
completely destroys the mesomorphic behaviour. When the alkoxy
chain R is simply omitted, the liquid-crystalline properties disappear as
well.
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3.6 EXPERIMENTAL SECTION
3.6.1 Equipment
For the equipment used to perform the elemental analyses, NMR
investigations, IR measurements and microscopy experiments, see the
experimental section of Chapter 2 (section 2.4).
DSC measurements were carried out on a Mettler-Toledo DSC821e module
(typical scan rate 10 °C min-1, under a nitrogen flow).
Thermogravimetric analyses were done on a Polymer Laboratories STA
1000H TG-DTA apparatus, using a static air atmosphere.
3.6.2 Synthesis
Most of the compounds that have been discussed in this chapter, have
already been mentioned in the experimental section of Chapter 2.
However, since the elemental analysis results of complexes 73 to 81 have to
be displayed in this section, the synthesis of one of these compounds is
repeated for reasons of clarity, as well as the synthesis of one of the Schiff
base ligands that were used to prepare the complexes. These ligands are
based on the ligand, shown in figure 2.3.
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Synthesis of ligand 2-[(dodecylimino)methyl]-5-(tetradecyloxy)phenol
(R = C14H29, R’ = C12H25)
This ligand was prepared by heating for 3 hours at reflux 4.12 g (12.3
mmol) of 2-hydroxy-4-tetradecyloxybenzaldehyde with 2.29 g (12.3 mmol)
of n-dodecylamine in absolute ethanol, with a few drops of glacial acetic
acid as the catalyst. The crude product was crystallized several times from
hot absolute ethanol. Yield 88 % (5.42 g). 1H NMR (250 MHz, CDCl3, δ
ppm): 0.88 (t, 6H, CH3), 1.03-1.56 (m, 40H, CH2), 1.67 (m, 2H, N-CH2-CH2),
1.77 (m, 2H, CH2-CH2-O), 3.51 (t, 2H, N-CH2), 3.95 (t, 2H, CH2-O), 6.33 (dd,
1H, Haryl), 6.36 (d, 1H, Haryl), 7.04 (d, 1H, Haryl), 8.09 (s, 1H, CH=N), 14.1 (s,
1H, OH). Jo = 8.5 Hz, Jm = 2.5 Hz. Calculated for C33H59NO2 (MW 501.83): C
78.98 %, H 11.85 %, N 2.79 %. Found: C 78.93 %, H 11.90 %, N 2.56 %.
Synthesis of complex [(LH)3Ho(NO3)3]: compound 78
A solution of 0.44 g (1.00 mmol) of Ho(NO3)3⋅5H2O in absolute ethanol was
added dropwise to a stirred solution of 0.50 g (1.00 mmol) of the ligand in
absolute ethanol, at a temperature not higher than 50°C. After about 15
minutes, the solution turned cloudy, indicating that the product started to
precipitate. Stirring was continued for at least 3 hours. The pale yellow
precipitate was filtered on a crucible, washed with ice-cold absolute
ethanol and dried in vacuo. Yield 63 % (0.39 g). IR  (KBr pellet, cm-1): 3200
(m, ν(OH)), 2920, 2860 (s, aliphatic C-H stretch), 1665 (s, ν(C=N)), 1530 (s,
ν(C=C)), 1470 (s, ν4(NO3)), 1286 (s, ν(CPh-O) and/or ν1(NO3)), 1230 (s, νas(C-
O-C)), 1025 (s, νs(C-O-C)), 590 (m, ν(Ho-O)). Calculated for C99H177N6O15Ho
(MW 1856.43): C 64.05 %, H 9.61 %, N 4.53 %. Found: C 63.80 %, H 9.52 %, N
4.43 %. The other complexes were synthesized in an analogous way. The
Chapter 3
104
elemental analysis results of compounds 73 to 81 are displayed in table
3.10.
Table 3.10 Elemental analysis results for [(LH)3Ln(NO3)3] (compounds 73
to 81, for details, see table 3.2)
elemental analysis: calc. (found) %
Ln yield (%) C H N
73 Nd 57 62.67 (62.31) 9.25 (9.21) 5.04 (4.90)
74 Gd 56 62.18 (62.20) 9.18 (9.20) 5.00 (4.86)
75 Ho 62 61.90 (62.01) 9.14 (9.15) 4.98 (4.79)
76 Nd 71 64.77 (64.08) 9.72 (9.65) 4.58 (4.44)
77 Gd 74 64.32 (63.52) 9.65 (9.49) 4.54 (4.43)
78 Ho 63 64.05 (63.80) 9.61 (9.52) 4.53 (4.43)
79 Nd 96 67.29 (66.84) 10.28 (10.16) 4.02 (3.98)
80 Gd 91 66.88 (66.66) 10.22 (10.20) 4.00 (3.76)
81 Ho 92 66.64 (66.51) 10.18 (10.17) 3.98 (3.78)
Synthesis of ligand 2-[(octadecylimino)methyl]-4-(octyloxy)phenol
(R = C8H17, R’ = C18H37; see figure 3.10)
The pathway towards this 5-substituted ligand differs significantly from
that towards the 4-substituted ligand. Scheme 3.1 shows an overview of the
synthetic route that was followed.
The starting material is hydroquinone, which is selectively alkylated at one
of the phenol positions26. Secondly, in the ortho position of the remaining
phenol group, an aldehyde function is introduced, resulting in a 5-alkoxy-
2-hydroxybenzaldehyde27. The third step, the formation of the Schiff base,
is identical to this step in the synthesis of the 4-substituted ligands: an
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alkylamine is condensed with the aldehyde, in absolute ethanol, with a few
drops of acetic acid as the catalyst.
To a solution of hydroquinone in 300 mL of a H2O/dioxane mixture (for
chain lengths R ≤ C8H17; for R > C8H17, a mixture of PEG-200/dioxane was
used) (33.0 g, 0.30 mol) and K2CO3 (13.8 g, 0.10 mol) was added
bromooctane (19.3 g, 0.10 mol). Stirring was continued for 12h at 110 °C,
under an argon atmosphere. After cooling to room temperature, the
dioxane is evaporated under reduced pressure. The remaining residue is
acidified with a 6N HCl solution and extracted three times with ether. The
ether layers are then washed three times with deionized water, and dried
on MgSO4 during the night. The crude 4-octyloxyphenol was purified on a
silica column using a 1:1 mixture of ether : n-heptane as the eluens. Yield:
60 % (13.4 g). 1H NMR (300 MHz, CDCl3, δ ppm): 0.88 (t, 3H, CH3), 1.23-
1.46 (m, 10H, CH2), 1.75 (m, 2H, CH2-CH2-O), 3.89 (t, 2H, CH2-O), 4.48 (s,
1H, OH), 6.77 (m, 4H, Haryl). Calculated for C14H22O2 (MW 222.32): C 75.63
%, H 9.97 %. Found: C 75.40 %, H 9.97 %.
For the introduction of the aldehyde function, to a solution of the 4-
octyloxyphenol (13.4 g, 60 mmol) in 200 mL of dry toluene, tributylamine is
added (4.45 g, 24 mmol). Then the reaction mixture is evacuated and an
argon atmosphere is introduced. Through a septum, anhydrous SnCl4 is
added (1.56 g, ( = 0.70 mL), 6 mmol) with the aid of an oven-dried glass
syringe. The reaction mixture is left to stirr for 20 minutes at room
temperature. Then, paraformaldehyde is added under a continuous argon
flow (3.96 g, 132 mmol). Stirring is continued for 10h at 100 °C. After
cooling to room temperature, the reaction mixture is poured in 500 mL of
deionized water and acidified with a 2N HCl solution to pH 2. Then ether
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is added to extract the aldehyde from the reaction mixture. During this
step, an emulsion is formed, containing a very fine Sn byproduct, which
had to be filtered through Celite®. This filtering step (vacuum pump) was
the most tedious step in the entire working up proces, ranging from half an
hour to twelve days (!). After the solid byproduct had been removed, the
water layer was extracted with ether, the combined organic fractions were
washed with a saturated NaCl solution (two times) and dried on MgSO4
during the night. The crude 2-hydroxy-5-octyloxybenzaldehyde was
purified on a silica column using dichloromethane as the eluens. Yield 49 %
(7.30 g). 1H NMR (300 MHz, CDCl3, δ ppm): 0.87 (t, 3H, CH3), 1.23-1.54 (m,
10H, CH2), 1.77 (m, 2H, CH2-CH2-O), 3.93 (t, 2H, CH2-O), 6.91 (d, 1H, Haryl),
6.98 (d, 1H, Haryl), 7.13 (dd, 1H, Haryl), 9.83 (s, 1H, CH=O), 10.63 (s, 1H, OH),
Jo = 9.0 Hz, Jm = 2.5 Hz.
For the synthesis of the Schiff base ligand, to a solution of 2-hydroxy-5-
octyloxybenzaldehyde in absolute ethanol (7.30 g, 29 mmol) was added n-
octadecylamine (7.86 g, 29 mmol), with a few drops of acetic acid as the
catalyst. The solution was heated at reflux for 3h. The crude Schiff base was
recrystallized once from absolute ethanol. Yield 84 % (12.3 g). 1H NMR (300
MHz, CDCl3, δ ppm): 0.86 (t, 6H, CH3), 1.19-1.44 (m, 40H, CH2), 1.73 (m,
4H, N-CH2-CH2 and CH2-CH2-O), 3.56 (t, 2H, N-CH2), 3.90 (t, 2H, CH2-O),
6.76 (s, 1H, Haryl), 6.89 (s, 2H, Haryl), 8.27 (s, 1H, CH=N).
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Scheme 3.1 Synthetic pathway towards 5-substituted Schiff base ligands
HO OH
RBr, K2CO3, 110°C, 12h, argon
H2O/dioxane
PEG-200/dioxane
RO OH
RO OH
(CH2O)n, N(C4H9)3, SnCl4
dry toluene, 100°C, 10h, argon
RO OH
O
RO
OH
O
R'NH2, HOAc, abs. EtOH
reflux, 3h
RO
OH
N R'
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Spectroscopic properties
The title of this thesis suggests a thermal and optical study of liquid-
crystalline lanthanide complexes. In addition to the structural elucidation
discussed in Chapter 2, the thermal behaviour of the compounds has been
reviewed in Chapter 3. In this chapter, the optical properties of the
lanthanide containing liquid crystals will be looked upon in greater detail.
While section 2.2 of Chapter 2 has already dealt with a study of the
interaction of X-rays with the compounds studied, there the mesophase as
a whole was considered (X-ray investigation of the mesophase structure).
In this chapter, the interaction of light with the lanthanide ions inside the
complexes is the main issue: most lanthanides have peculiar spectroscopic
properties and the spectroscopic behaviour of lanthanide ions in
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mesomorphic systems has only been scarcely studied1. The spectroscopic
part will be divided into two sections. First, the absorption behaviour of
some trivalent lanthanide ions in the liquid-crystalline materials will be
discussed. The second part will be devoted to the luminescence of trivalent
europium in different coordination environments.
4.1 ABSORPTION
Lanthanide absorption is based on transitions within the 4f shell. Because
of rather efficient shielding by the filled 5s and 5p shells, the 4f shell
experiences very little influence from the environment in which the
trivalent lanthanide ion is embedded. This means that the 4f ← 4f
transitions result in sharp peaks, in contrast to the broad bands often
observed for transition metals. The observed lanthanide transitions are not
only sharp, but also rather weak. Whereas the molar absorptivity ε of
transition metal absorption transitions is about 102 L mol-1 cm-1, typical
values for ε in lanthanide absorption spectra are 1 - 10 L mol-1 cm-1.
The lanthanide absorption transitions can either be induced electric dipole
(ED) transitions or magnetic dipole (MD) transitions. ED transitions within
one (e.g. 4f) configuration are Laporte-forbidden, so therefore only induced
ED transitions can occur, which are therefore weak. MD transitions are
allowed within one and the same shell, but are weak by nature2.
The absorption behaviour of the trivalent lanthanide ion in a specific
environment can be described by three phenomenological parameters3-4:
the so called Judd-Ofelt parameters Ω2, Ω4 and Ω6. When the numerical
values for these parameters are large, the observed absorption intensities
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are large as well. Because of the shielding of the 4f electrons, a change in
the environment of the lanthanide ion does not affect the intensities of the
observed absorption transitions much. However, some transitions are very
sensitive towards such changes. These transitions are called hypersensitive
transitions5. Hypersensitivity is expressed by the Ω2 parameter: its value
can vary greatly by putting the lanthanide ion in a different surrounding
(e.g. from an aqueous solution into a coordination compound). The values
of the other Judd-Ofelt parameters Ω4 and Ω6 are mainly influenced by the
polarizability (or rigidity) of the lanthanide environment: especially the Ω6
parameter will show larger values in coordination compounds (in which
the lanthanide ion is surrounded by organic ligands) than in inorganic
crystals or glasses.
Many studies have been devoted to hypersensitivity, and this work has
been reviewed by Görller-Walrand and Binnemans2. Most of these studies,
however, concern lanthanides in crystals, in glasses or in aqueous
solutions. Less information is available on lanthanides in non-aqueous
solutions, but most of what’s available on the subject has been done by
Legendziewicz et al.6-15 Early work on Nd and Er tris(β-diketonate)
complexes in organic solvents (ethanol, methanol, dimethylformamide)
and in the solid state showed that highly intense hypersensitive transitions
could be observed16-17.
Most lanthanide ions show absorption transitions in the ultraviolet part of
the electromagnetic spectrum, while only a few of them absorb visible or
infrared light. Most organic molecules show very strong absorption in the
ultraviolet region. Therefore, the number of lanthanides that could be
probed in this absorption study was limited to the trivalent Nd, Ho and Er
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only. Only these three ions show sufficient transitions in the region, in
which the ligands do not absorb, in order to be treated by the Judd-Ofelt
theory. Ligand absorption starts at about 450 nm, so all the (much weaker)
lanthanide transitions that are situated below 450 nm are shielded by this
ligand absorption. Trivalent Pr, Sm, Dy, Tm and Yb have transitions in the
visible part of the electromagnetic spectrum, though not enough to be used
in a Judd-Ofelt analysis. Trivalent Ce, Eu, Gd and Tb have no observable
transitions in the visible spectral region, or transitions that are too weak to
be seen.
Three compounds have been synthesized for the use in this absorption
study. They are all liquid-crystalline compounds derived from the ligand
shown in figure 4.1. The nitrate ion has been selected as the counterion,
giving an overall stoichiometry [(LH)3Ln(NO3)3], where Ln represents
either Nd, Ho or Er and LH is the ligand in figure 4.1. The thermal
properties of these three compounds are illustrated in table 4.1.
Figure 4.1 Ligand used in the synthesis of compounds 86, 100 and 101
C5H11O
OH
N C18H37
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Table 4.1 Thermal behaviour of compounds 86, 100 and 101
Ln Transition Temperature (° C) ΔH (kJ mol-1)
86 Nd
Cr → SmA
SmA → I
115
155
15.7
10.9
100 Ho*
Cr → I
I → SmA
144
136
37.3
9.9
101 Er*
Cr → I
I → SmA
145
134
43.4
10.5
* Compounds 100 and 101 are monotropic liquid crystals: they show a mesophase upon
cooling from the isotropic liquid only.
The intensities of the 4f ← 4f transitions can be characterized by the dipole
strength D:
( )∫⋅⋅= ννν d9108 1 AdC.D (4-1)
In this equation, C is the concentration of the lanthanide ion (mol L-1), d is
the optical path length (cm) and A is the absorbance at wavenumber ν .
The dipole strength is expressed in D2 (Debye2). According to the Judd-
Ofelt theory, the relation between the dipole strength D and the Ωλ
parameters is given by equation 4-2.
( ) ( ) 2
6,4,2
2
2236
'
9
2
12
10 JUJe
n
n
J
D λ
λ
λ∑
=
Ω⋅++= (4-2)
The factor (n2+2)2/9n takes into account the fact that the lanthanide ion is
not in a vacuum, but in a material with some refractive index n. In this
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study, all compounds were dissolved in spectro grade chloroform, and
because the solutions were very dilute (the concentration of the lanthanide
complex was about 0.005 L mol-1), the refractive index of the solution can
be approximated by the refractive index of pure chloroform (value at 20 °C
equals 1.446). The 2J+1 factor is the degeneracy of the ground state from
which the absorption takes place. Finally, the squared reduced matrix
elements mentioned in the right part of equation 4-2 are taken from Carnall
et al.18 These elements have been reported for trivalent lanthanide ions in
aqueous solution, but since they are virtually independent of the host, they
can be used for our systems as well.
Figure 4.2 Absorption spectrum of Nd compound 86 in chloroform
Absorption spectra have been recorded from compounds 86, 100 and 101,
in spectro grade chloroform. Nitrate compounds have been selected,
because of their good solubility in chloroform, and because of the fact that
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their structure has been fully clarified in Chapter 2. The absorption
spectrum of the neodymium compound 86 is shown in figure 4.2. All
transitions in the spectrum start from the 4I9/2 ground state of the trivalent
Nd-ion.
The intensity calculations corresponding to the spectrum in figure 4.2 are
displayed in table 4.2. The absorption spectra of compounds 100 and 101
are shown in figures 4.3 and 4.4 respectively. The intensity calaculations for
both compounds are given in tables 4.3 and 4.4 respectively.
Table 4.2 Intensity calculations for Nd-compound 86 (all transitions
start from the 4I9/2 ground state)
Transition
Wavenumber
/cm-1
Dexp
/10-6 D2
Dcalc
/10-6 D2
Dexp-Dcalc
/10-6 D2
Dexp/Dcalc
4F3/2 11440 418 544 -126 1.30
2H9/2,4F5/2 12460 1818 1816 +2 1.00
4F7/2,4S3/2 13390 1800 1820 -20 1.01
4F9/2 14680 116 129 -13 1.11
2H11/2 15930 33 33 0 1.00
4G5/2,2G7/2 17040 4936 4950 -14 1.00
4G7/2,2K13/2,
4G9/2
18990 1166 969 +197 0.83
2K15/2,4G11/2
2D3/2,2G9/2
21000 48 176 -128 3.67
The Judd-Ofelt parameters of compounds 86, 100 and 101 are summarized
in table 4.5. For the sake of comparison, the parameters for the trivalent
Nd-, Ho- and Er-ions in aqueous solution are included as well.
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Figure 4.3 Absorption spectrum of Ho-compound 100 in chloroform
Table 4.3 Intensity calculations for Ho-compound 100 (all transitions
start from the 5I8 ground state)
Transition
Wavenumber
/cm-1
Dexp
/10-6 D2
Dcalc
/10-6 D2
Dexp-Dcalc
/10-6 D2
Dexp/Dcalc
5I5 11250 103 33 +70 0.32
5F5 15550 584 607 -23 1.04
5F4,5S2 18550 783 730 +53 0.93
5F3 20620 270 219 +51 0.81
3K8, 5F2 21140 154 323 -169 2.10
5G6 21950 6590 6587 +3 1.00
The high values of the Ω2 parameters are remarkable, indicating very
intense hypersensitive transitions compared to the same ions in aqueous
solution. In fact, the Ω2 value of the Ho complex 100 is one of the largest
values ever observed for this ion. This intensity enhancement can be
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attributed to the low symmetry of the lanthanide site (C1; see Chapter 2),
and also to the polarizability of the ligands. The values of the Ω4 and Ω6
parameters of the complexes are not significantly larger than the
corresponding values in aqueous solution.
Figure 4.4 Absorption spectrum of Er-compound 101 in chloroform
The values of the Ω4 and Ω6 parameters decrease over the lanthanide series
(Nd(III) > Ho(III) > Er(III)). This is the expected behaviour as long as no
major structural changes of the complexes take place as a function of the
lanthanide contraction, and can also be seen for lanthanide ions in other
environments19-20.
22500 20000 17500 15000 12500 10000
0
5
10
15
20
25
4I13/24I9/2
4F9/24S3/2
2H11/2
4F7/2
← 4I15/2
Wavelength / nm
ε /
 L
 m
ol
 -1
 c
m
-1
Wavenumber / cm-1
500 600 700 800 900 1000
 
Chapter 4
120
Table 4.4 Intensity calculations for Er-compound 101 (all transitions
start from the 4I15/2 ground state)
Transition
Wavenumber
/cm-1
Dexp
/10-6 D2
Dcalc
/10-6 D2
Dexp-Dcalc
/10-6 D2
Dexp/Dcalc
4I11/2 10240 225 278 -53 1.24
4I9/2 12560 21 43 -22 2.05
4F9/2 15270 358 347 +11 0.97
4S8/2 18450 89 110 -21 1.24
2H11/2 19120 2324 2184 +140 0.94
4F7/2 20460 428 344 +84 0.80
On the other hand, the Ω2 parameter shows no obvious trend. This
parameter describes the hypersensitivity, and is much more influenced by
small electronic changes than the other two intensity parameters.
Table 4.5 Judd-Ofelt intensity parameters for compounds 86, 100 and
101 in chloroform. The Ωλ parameters for the lanthanide ions
in aqueous solution are given for comparison
Ω2 /10-20 cm2 Ω4 /10-20 cm2 Ω6 /10-20 cm2
86 12.94 ± 0.89 5.87 ± 1.30 8.88 ± 0.59
100 22.65 ± 1.21 3.34 ± 2.18 3.62 ± 0.88
101 16.47 ± 0.58 1.26 ± 0.71 2.85 ± 0.46
Nd3+ in H2O 0.93 5.00 7.91
Ho3+ in H2O 0.36 3.14 3.07
Er3+ in H2O 1.59 1.95 1.90
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4.2 EMISSION
Three complexes containing the trivalent europium ion have been
synthesized in order to study the luminescence properties of Eu3+ in our
liquid-crystalline coordination compounds. Two of these compounds have
already been discussed in Chapters 2 and 3: one has nitrate counterions
(compound 6), while the other has dodecyl sulphate counterions and the
chain length of the ligand’s alkoxy chain is slightly longer (R = C14H29 in
stead of C8H17, see figure 2.3, compound 64). The third complex has been
synthesized using the Schiff base ligand with R = C14H29 in figure 2.8, using
europium chloride as the lanthanide salt, so this compound (102) has
chloride counterions. The stoichiometries of the compounds are in
agreement with the general formula [(LH)3EuX3], with LH being the ligand
from figure 2.3, with chain length R = C8H17 for compound 6 and R =
C14H29 for compounds 64 and 102, while X is the counterion (nitrate for
compound 6, dodecyl sulphate (DOS) for compound 64 and chloride for
compound 102). The thermal data of these three complexes have been
summarized in table 4.6, while the elemental analysis data can be found in
the experimental section of this chapter.
Table 4.6 Thermal data for the europium compounds 6, 64 and 102
Counterion Transition Temperature (° C) ΔH (kJ mol-1)
6 Nitrate
Cr → SmA
SmA → I
108
151
15.5
13.3
64 DOS
Cr → SmA
SmA → I
62.2
78.4
88.6
5.9
102 Chloride
Cr → SmA
SmA → I
167
184
55.2
9.7
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All three complexes show the typical orange-red photoluminescence and
the characteristic luminescence spectrum of the trivalent europium ion.
However, the emission intensity is rather low when compared to other
Eu(III) complexes (e.g. β-diketonates). The strongest luminescence is
observed upon excitation with light of about 393 nm (ca. 25445 cm-1). At
this wavelength, the 5L6 manifold of Eu(III) is irradiated. When ultraviolet
light of shorter wavelengths is used for excitation, the excitation light is
mainly absorbed and dissipated by the ligand and the europium
luminescence is much weaker. It seems, therefore, that there is no efficient
intramolecular energy transfer from the ligand to the europium(III) ion.
The main reason for the weak luminescence is radiationless deactivation of
the excited states via N-H stretching vibrations in the zwitterionic ligands.
The luminescence spectra for compounds 6, 64 and 102 are displayed in
figures 4.5, 4.6 and 4.7, respectively.
Figure 4.5 Emission spectrum of Eu-compound 6 (nitrate counterions)
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When the luminescence spectrum of compound 6 is considered, some fine
structure can be noticed in the luminescence signal. The splitting of the 5D0
→ 7F1 transition in three separate peaks is obvious. Theoretical
considerations allow for the prediction of certain symmetry features of the
europium coordination sphere21. The splitting pattern of the 2S+1LJ
manifolds in the luminescence spectrum is consistent with a low site
symmetry of the trivalent europium ion: C2v or lower. Indeed, the three
crystal-field transitions for the 5D0 → 7F1 signal indicate that all crystal-field
degeneracy has been lifted. Moreover, the equidistant splitting of the
crystal-field levels of the 7F1 multiplet reveals a strong distortion from an
ideal coordination polyhedron. The presence of the 5D0 → 7F0 transition
rules out the possibility of D2 symmetry. As only one peak is observed for
this transition, only one site with C1, C2, Cs or C2v symmetry is present.
Because of the five peaks for the 5D0 → 7F2 transition, C2v symmetry is not
possible. In the absence of polarized spectra on oriented single crystals, it is
not possible to discriminate between the three remaining symmetries: C1,
C2 or Cs. Assuming that the extention of the alkyl chains from the short
chain structure, discussed in Chapter 2 (figure 2.6), to the long chain
structure of the europium compound 6, discussed here, does not
significantly alter the symmetry of the coordination sphere of the central
lanthanide ion, the most plausible symmetry would be C1. Both the crystal
structure, derived from the short chain analogue, and the luminescence
spectrum of compound 6 are in agreement with this symmetry. The
hypersensitive 5D0 → 7F2 transition is the most intense transition in the
luminescence spectrum of compound 6, much more intense than the
magnetic dipole transition 5D0 → 7F1. In fact, the intensity ratio I(5D0 →
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7F2)/I(5D0 → 7F1) is equal to 8.57. This high ratio indicates that the site
symmetry of the trivalent europium ion is not Ci and that the Eu(III)-ion is
not close to an inversion centre. If the latter case would be true, the
intensity ratio would be much smaller than unity, because for a given
quantum yield, the 5D0 → 7F1 transition should have the same intensity
(within the approximation of the intermediate coupling scheme), no matter
what the site symmetry is2. The intensity ratio is very much dependent on
the coordination of the ligands coordinating to the europium ion, but also
on the type of ligands. For instance, Edder et al.22 found for a Eu(III) podate
complex with C3 symmetry at 10 K an intensity ratio I(5D0 → 7F2)/I(5D0 →
7F1) as low as 0.78. But in a complex with a modified podate ligand
(containing long alkyl chains) and with C1 symmetry23, this ratio has
increased to 7.71, a value which is comparable with the value found for
compound 6.
Figure 4.6 Emission spectrum of Eu-compound 64 (DOS counterions)
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Figure 4.7 Emission spectrum of Eu-compound 102 (chloride counterions)
The splitting patterns of the signals in the luminescence spectra of
compounds 64 and 102 are less obvious to interpret than those in the
spectrum of compound 6. Most likely, more than one crystallographic site
is present in the sample24: this can be seen in the luminescence spectrum of
compound 64. The signal corresponding to the 5D0 → 7F0 transition shows a
shoulder, covering two different peaks. Similarly, the 5D0 → 7F1 transition
can show a maximum of three separate peaks according to theoretical
considerations. When more than three peaks are present, which seems to be
the case in the spectra of compounds 64 and 102 (broad bands for the 5D0 →
7F1 transition), it has to be assumed that more than one coordination site is
present. The intensity ratio I(5D0 → 7F2)/I(5D0 → 7F1) for compound 64
equals 6.59. The intensity ratio I(5D0 → 7F2)/I(5D0 → 7F1) for compound 102
is 4.16.
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The luminescence lifetime of the transitions starting from the 5D0 level of
compound 6 were measured at 20 K by directly exciting the 5D0 level at 579
nm (17271 cm-1) with a dye laser (laser dye Rhodamine-6G in methanol)25.
The luminescence decay curve of the  5D0 → 7F2  at 617.5 nm (16194 cm-1) is
shown in figure 4.8. The decay curve was found to be a single exponential
and the radiative lifetime was determined to be 1.17 ± 0.20 ms. Similar
values were found for the transitions to the 7F1 and 7F0 levels.  The radiative
lifetime is in the same range as observed for other anhydrous Eu(III)
complexes with three nitrate groups in the first coordination sphere26-27.
When the europium compound 6 was excited at 390 nm with a dye laser or
at 355 nm with a Nd:YAG laser, the decay curve was not a single
exponential, but showed a slower onset, which is due to the population of
the 5D0 level  (which is unpopulated after the laser pulse).
Figure 4.8 Luminescence decay curve of compound 6 at 20 K,
excited at 579 nm
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4.3 HIGHLIGHTS OF CHAPTER 4
? The absorption behaviour of three trivalent lanthanide ions (Nd, Ho
and Er) in their mesogenic environment has been probed. The
hypersensitive transitions are remarkebly high, as is shown by the
large values for the Ω2 parameter. This high intensity is due to the
highly polarizable ligands and to the anisotropy of the polarization.
? Three europium containing liquid-crystalline complexes have been
studied. They all show the typical orange-red luminescence of the
trivalent Eu-ion upon excitation with (ultra)violet light. From the fine
structure of the transitions in the emission spectra, symmetry features
have been derived, indicating a low symmetry for the lanthanide
coordination sphere, which is in agreement with the structural data
derived in Chapter 2. Most likely, different sites are present in the DOS
compounds and in the chloride compounds.
? Lifetime measurements of the excited states of the europium ion in a
nitrate complex show a decay curve which was found to be a single
exponential and the radiative lifetime is in agreement with what has
been observed for other anhydrous europium complexes with three
nitrate groups in the first coordination sphere.
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4.4 EXPERIMENTAL SECTION
4.4.1 Equipment
For the equipment used to perform the elemental analyses, NMR
investigations, IR measurements, DSC measurements and microscopy
experiments, see the experimental section of Chapter 3 (section 3.6).
Absorption spectra have been recorded on a Shimadzu UV-3100
spectrophotometer at room temperature. The complexes were dissolved in
spectro grade chloroform. The concentration of the complexes ranged
between 0.002 and 0.01 mol L-1. Quartz cels with an optical path length of
10 cm were used.
The emission spectrum of nitrate compound 6 has been recorded on a
laboratory built apparatus at liquid nitrogen temperature. A water-cooled
450 W xenon lamp was used as the excitation source. Wavelength selection
was achieved by a Sciencetech Model 9050 monochromator. Luminescence
light was measured at an angle of 90° with respect to the excitation beam.
The emission light was analysed using a McPherson monochromator (1200
lines mm-1). For detection, the signal of a photomultiplier was measured
using a photon counting system (Stanford Research Systems SR400 Two
Channel Gated Photon Counter). Wavelength calibration was done using
the emission lines of a mercury lamp. The sample was cooled in a bath
cryostat (Oxford Instruments). For the luminescence spectra, the metal
complexes were mixed with KBr and pressed to a pellet. Compounds 64
and 102 have been measured at ambient temperature and at liquid nitrogen
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temperature using an Edinburgh Instruments FS900 Steady State
Spectrofluorimeter, with a bath cryostate (Oxford Instruments).
Luminescence lifetime measurements were made at the University of Köln
(Germany) at 20 K, by a Nd:YAG pumped dye laser (Radiant Dyes, RD-P-
02), using a solution of Rhodamine-6G in methanol as the dye (lasing at 579
nm). The pulse length was 8 ns, and 1000 laser shots were averaged. The
emitted light was sent through a 0.27 m single monochromator
(Spectroscopy Instruments, resolution 1 nm) and detected by a Hamamatsu
R2949 photomultiplier, with a Stanford research SR445 preamplifier and a
Stanford research SR400 photon counting system.
4.4.2 Synthesis
Synthesis of ligand 2-[(octadecylimino)methyl]-5-(pentyloxy)phenol
(R = C5H11, R’ = C18H37; see figure 2.3)
This ligand was prepared by heating for 3 hours at reflux 10.4 g (50.0
mmol) of 2-hydroxy-4-pentyloxybenzaldehyde with 13.5 g (50.0 mmol) of
n-octadecylamine in absolute ethanol, with a few drops of glacial acetic
acid as the catalyst. The crude product was crystallized several times from
hot absolute ethanol. Yield 47 % (10.8 g). 1H NMR (400 MHz, CDCl3, δ
ppm): 0.90 (m, 6H, CH3), 1.26-1.41 (m, 34H, CH2), 1.67 (m, 2H, N-CH2-CH2),
1.77 (m, 2H, CH2-CH2-O), 3.51 (t, 2H, N-CH2), 3.96 (t, 2H, CH2-O), 6.32 (dd,
1H, Haryl), 6.37 (d, 1H, Haryl), 7.05 (d, 1H, Haryl), 8.09 (s, 1H, CH=N), 14.1 (s,
1H, OH). Jo = 8.5 Hz, Jm = 2.5 Hz. Calculated for C30H53NO2 (MW 459.75): C
78.37 %, H 11.62 %, N 3.05 %. Found: C 78.51 %, H 11.62 %, N 2.95 %.
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Synthesis of complex [(LH)3Nd(NO3)3]: compound 86
A solution of 0.95 g (2.18 mmol) of Nd(NO3)3⋅6H2O in absolute ethanol was
added dropwise to a stirred solution of 1.00 g (2.18 mmol) of the ligand in
absolute ethanol, at a temperature not higher than 50°C. Almost
immediately, the solution turned cloudy, indicating that the product
started to precipitate. Stirring was continued for at least 3 hours. The pale
greenish-yellow precipitate was filtered on a crucible, washed with ice-cold
absolute ethanol and dried in vacuo. Yield 99 % (1.24 g). Calculated for
C90H159N6O15Nd (MW 1709.49): C 63.23 %, H 9.37 %, N 4.92 %. Found: C
62.92 %, H 9.36 %, N 4.73 %. Complexes 100 and 101 were synthesized in an
analogous way. The elemental analysis results for compound 6 can be
found in table 2.1, while those for compound 64 are displayed in table 2.8.
For compound 102 C117H213N3O6EuCl3 (MW 2016.28) was calculated: C 69.70
%, H 10.65 %, N 2.08 %. Found: C 69.55 %, H 10.39 %, N 1.92 %.
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Summary
Liquid crystals containing metal ions (metallomesogens) have gained a lot
of scientific interest recently, due to the combination of the liquid-
crystalline properties and the properties of the metal. A special kind of
metal containing liquid crystals have lanthanide ions as the central metal
ion. Although calamitic or rod-like liquid crystals containing lanthanides
have only been known for a decade, scientific research in this field is
rapidly increasing. The reason for this interest is the fact that the peculiar
lanthanide properties can be exploited in combination with the liquid
crystallinity of their complexes. Most lanthanides are highly luminescent
and/or paramagnetic. This paramagnetism provides the possibility of
switching by means of a magnetic field instead of an electric field, as is the
case in today’s applications of liquid crystals in devices. Although
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lanthanide ions have a high coordination number and although in theory
that would make it very hard to build structurally anisotropic complexes,
rod-like liquid crystals containing lanthanides are known.
In this thesis, a special kind of lanthanide containing liquid crystal is
considered, being built up from non-mesomorphic ligands. This means the
lanthanide ions can induce mesomorphism or liquid crystallinity in
molecules that are not liquid crystals themselves. Very briefly, comparison
is made with complexes that have been derived from ligands that are liquid
crystalline.
Special attention is paid to the molecular structure of the coordination
compounds. This has led to the structural elucidation of the compounds
containing nitrate counterions. On a less microscopic level, the structure of
the mesophases themselves is also investigated. It has been concluded that
all the mesomorphic lanthanide complexes that have been considered show
a smectic A mesophase, which was expected, since most ionic metal
containing liquid crystals show smectic mesophases, due to the strong
interaction between separate molecules. Further research in this field
should focus on the structural elucidation of complexes with counterions
other than nitrate. Especially the chloride compounds are scientifically
challenging.
Secondly, the thermal behaviour of the compounds is studied. Although all
lanthanide ions are generally considered to be physically and chemically
comparable, substitution of the lanthanide ion in the complexes containing
nitrate counterions was shown to have a significant effect on the
mesophase stability. The mesophase range decreased with decreasing ionic
radius. When chloride or dodecyl sulphate counterions are used, the effect
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of the central lanthanide ion on the thermal behaviour is less pronounced.
Varying the alkoxy chain length of the ligand from which the lanthanide
complexes were derived does not affect the transition temperatures much,
except for very short chain lengths. Replacing the counterion in a
structurally analogous compound has pronounced effects on the
mesomorphic behaviour: dodecyl sulphate compounds have transition
temperatures that are about 100 °C lower than their chloride counterparts.
Nitrate compounds show intermediate behaviour. Further research could
be devoted to the synthesis and thermal study of compounds with other
counterions, e.g. triflate.
Liquid crystallinity can be completely lost when the alkoxy chain is put in a
different position of the aromatic core, or when the chain is simply omitted.
The resulting lanthanide complexes no longer showed mesomorphism.
A third section in this investigation pays attention to the spectroscopic
behaviour of the central lanthanide ion in the complexes. The absorption
behaviour of lanthanide ions in a specific environment can be described
using three phenomenological Judd-Ofelt parameters Ωλ (λ = 2, 4 or 6). In
general, the lanthanide absorption intensity is not greatly influenced by the
surroundings of the lanthanide, except for some so-called hypersensitive
transitions, which are described by the Ω2 parameter.
The Nd-, Ho- and Er-ions that have been studied in this spectroscopic part
of the thesis show very high Ω2 parameters, resulting from the highly
polarizable environment in which they are embedded.
Europium luminescence has been probed in three different complexes. It
was concluded that the site symmetry of the lanthanide coordination
sphere is very low and that sometimes, different sites are present. All
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europium complexes show the typical orange-red europium luminescence.
In further research, attempts could be made to synthesize compounds with
a broader optical window, so that more lanthanide ions could be studied in
their specific surroundings.
Samenvatting
Metaalhoudende vloeibare kristallen (of metallomesogenen) komen steeds
meer in de schijnwerpers van het wetenschappelijk onderzoek te staan,
omdat zij zowel de eigenschappen van het metaalion als het vloeibaar
kristallijn gedrag combineren. Een specifieke groep van metallomesogenen
gebruikt lanthanide-ionen als centraal metaalion. De meeste lanthaniden
vertonen intense, haast monochromatische luminescentie en/of zijn
paramagnetisch. Dit paramagnetisme laat toe dat de moleculen door
middel van een magnetisch veld worden uitgericht in plaats van door een
elektrisch veld, zoals nu gebeurt in de LC-toepassingen. Hoewel het door
hun hoog coördinatiegetal niet voor de hand ligt om structureel anisotrope
complexen te vormen, bestaan er toch staafvormige of calamitische
vloeibare kristallen met lanthanide-ionen. En ofschoon deze tak van het
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onderzoek op het gebied van vloeibare kristallen nog maar een tiental jaren
bestaat, begint er toch meer en meer interesse te komen vanuit de
wetenschappelijke wereld.
In deze thesis wordt een specifiek type lanthanidehoudende vloeibare
kristallen onder de loupe genomen. De bestudeerde verbindingen bestaan
namelijk vooral uit liganden die op zich niet vloeibaar kristallijn zijn, in
combinatie met een centraal lanthanide en enkele tegenionen. Dit wil
zeggen dat het lanthanide-ion mesomorfisme induceert in niet vloeibaar
kristallijne verbindingen. Er wordt ook kort een vergelijking gemaakt met
complexen die zijn afgeleid van liganden die wel vloeibaar kristallijn zijn.
In een eerste deel wordt gepeild naar de structurele opbouw van de
mesomorfe coördinatieverbindingen. Dit heeft geleid tot de opheldering
van de structuur van de verbindingen met nitraat tegenionen. Op een iets
minder microscopisch niveau situeert zich de studie van de structuur van
de mesofase zelf. Alle vloeibaar kristallijne lanthanidecomplexen die in het
kader van deze thesis zijn bestudeerd vertonen een smectisch A mesofase.
Dat is in overeenstemming met het verwachtingspatroon voor ionische
metallomesogenen.
Ten tweede werd een belangrijk stuk van het onderzoek gewijd aan de
thermische eigenschappen van de verbindingen. Hoewel de lanthaniden
vaak alle over dezelfde kam worden geschoren, bleek het variëren van het
lanthanide-ion in de nitraatcomplexen een zeer uitgesproken effect te
hebben op de mesofasestabiliteit. De breedte van de mesofase bleek af te
nemen met afnemende ionstraal van het lanthanide. Wanneer chloride of
dodecylsulfaat worden gekozen als tegenion is het effect van het
lanthanide minder uitgesproken. Variatie van de alkoxyketen van het
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ligand bleek weinig effect te hebben op de transitietemperaturen van de
afgeleide complexen, behalve dan voor zeer korte ketenlengtes. Wanneer in
structureel analoge complexen het tegenion werd vervangen, bleek dit een
drastisch effect te hebben op het mesomorf gedrag. Zo zijn de
transitietemperaturen van de chlorideverbindingen ongeveer 100 °C hoger
dan die van de dodecylsulfaatverbindingen. De nitraatcomplexen vertonen
een intermediair gedrag. Het substitueren van de aromatische kern in de 5-
positie in plaats van de 4-positie heeft het wegvallen van het vloeibaar
kristallijn gedrag tot gevolg. Wanneer de alkoxyketen geheel wordt
weggelaten gebeurt hetzelfde: de resulterende lanthanidecomplexen
vertonen in het geheel geen mesomorfisme meer.
In een derde deel van de thesis wordt de aandacht gevestigd op de
spectroscopische eigenschappen van de lanthanide-ionen in de complexen.
Het absorptiegedrag van een lanthanide-ion in een welbepaalde matrix kan
worden gekarakteriseerd met behulp van drie fenomenologische Judd-
Ofelt parameters Ωλ (λ = 2, 4 of 6). Algemeen wordt het absorptiegedrag
van een lanthanide weinig beïnvloed door de omgeving waarin het zich
bevindt. Dit is echter wel het geval voor de zogenaamde hypersensitieve
transities, die worden beschreven door de Ω2 parameter. De lanthanide-
ionen, waarvan het absorptiegedrag werd bestudeerd (Nd, Ho en Er),
vertonen zeer hoge waarden voor de Ω2 parameter, hetgeen te verklaren is
door de hoge polariseerbaarheid van de liganden waarmee ze
gecomplexeerd zijn.
De luminescentie van enkele europiumcomplexen met verschillende
tegenionen werd eveneens bestudeerd. De sitesymmetrie van de europium
coördinatiesfeer bleek zeer laag te zijn en soms zijn verschillende sites
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aanwezig. Alle europiumcomplexen vertonen de typische oranjerode
europiumluminescentie.
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